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LIST OF FIGURES

The crystal structure of commonly used SiC polytypes. The stacking se-
quence of Si-C bilayers along the c-axis (0001) determine the properties of
each SiC polytype. (a) In SiC, each Si atom is bonded tetrahedrally with
four C atoms and each C atom is also bonded tetrahedrally with four silicon
atoms. Each bilayer plane is perpendicular to the [0001] direction. Six bi-
layers of each polytype are plotted: (b) 3C-SiC has ABC stacking sequence
as common fcc structure. (c¢) 4H-SiC has ABCB stacking sequence with
hexagonal structure, , which is displayed parallel to SiC {1120} plane. (d)
6H-SiC(hexagonal) has ABCACB stacking sequence with structure. This
figure is after Ref. [1]. . . . . . . . . ..

Four possible bulk-terminated surface layer stacking sequences on 4H-SiC
(0001). S1 and S2 are different configurations according to different ori-
entated bilayers. S1* and S2* have the same configuration as S1 and S2

respectively, after a 60° rotation along [0001] axis. This figure is after Ref. [2].

The crystal structure of graphite ABABA (Bernal Structure) and its Bril-
louin zone. (a) The primitive unit cell with dimensions a = 2.46 Aand
¢ =6.71 A. The bonding in plane length is 1.42 A. There are four atoms per
unit cell, labeled as A, A’, B and B’. The difference between A atoms and B
atoms lies in that A atoms (solid circles) have neighbors directly above and
below in the adjacent layer planes but B atoms (hollow circles) do not have
such neighbors in adjacent planes. (b) The Brillouin zone of graphite. The
electron and hole Fermi surfaces are located in the vicinity of the edges HKH
and H'K'H’, where KH = 7. . . .. .. ... ... ... ... . .......

Representations of graphene in real space and momentum space . (a) Graphene’s

honeycomb lattice. Each carbon atom (black solid ball) has three covalent
o-bond electrons bonding tightly with three other carbon atoms in plane and
one m-bond electron having high mobility. m-bond electrons wander across
the plane and forming 2D electron gas. Hydrogen atoms (representing with
the small blue balls) are often used to passivate the dangling bonds hanging
on the edge of graphene. This figure is after Ref. [3]. (b) Band structure of
the graphene film. The energy-momentum dispersion is linear, F = hk|vp|
near the Dirac points representing as the vertices of the blue hexagon.

Quantum Hall Effect in graphene. The green line is the longitudinal resistiv-
ity pgze of the graphene 2D electron gas in high magnetic field. p., goes to
zero at the values where the transverse conductivity oy, is quantized in units
of €2/h. The factor 4 is due to the spin and band-structure degeneracy in
graphene. The inset plot shows that the 1/2-integer phase shift disappears
and the band symmetry changed when one of the systems has more than one
graphene sheet. This figure is after Ref. [4]. . . . ... ... ... ... ...
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2.1

2.2

2.3

2.4

2.5

2.6

2.7
3.1

3.2

A picture of the room temperature, ultra high vacuum scanning tunneling
microscopy system. The chamber includes capabilities for scanning tunnel-
ing microscopy, low-energy electron diffraction, Auger electron spectroscopy,
ion beam sputtering, a field ion/field emission microscope, metal deposition,
residual gas analysis, and a load-lock for tip/sample exchange. . . . .. ..

The diagram of the four-grid reverse view LEED system optics. This figure
is from the manual of the LEED system [5]. . . . . . ... ... ... ...

(a) 2D LEED diffraction interpreted with Ewald sphere. Surface diffraction
rods (01), (02), and ... are normal to the 2D crystalline plane and intercepted
by the Ewald sphere at the constructive diffraction spots. (b) Diffraction
beams and LEED spots in real LEED system. The blue triangles in two
figures are analogous, which determines a direct mapping from the diffraction
spots on camera photos and reciprocal lattices through a simple formalism.

(a) A schematic drawing of the KLL Auger process. (b) Universal curve of
the inelastic mean free path vs. electron energy. The solid line is the theory
result. This figure is after Ref. [6, 7]. . . . . ... ... ... ... .. ...

Modulations techniques used for AES analysis. (a) Electron and current
distribution of signals are the same in CMA method (I(E) x E- N(E)). (b)
Adding modulation to the Auger electrons distribution N(E). (c) The first
derivative of current distribution gives the AES spectrum. This figure is after

A schematic diagram of the single pass cylindrical mirror analyzer. This
figure is after Ref. [8]. . . . . . . . . ...

A schematic diagram of STM tunneling. . . ... ... ... ... .....

SiC surface preparation before growing graphite films. (a) AFM image on
6H-SiC Si-face of an as-received sample, full of scratches and defects. (b)
After Hy etching at 1500° C for 30 minutes in the home built RF furnace, the
surface on SiC (0001) or (0001) face becomes atomic flat with ordered terraces
and step of one unit cell height (1.5 nm for 6H-SiC and for 1.0 nm for 4H-SiC).
(c) NASA samples have been further processed with CVD growth to remove
terraces and develop atomically flat surfaces on some mesas. The mesas on
the surface are used to prevent the spread of intrinsic screw dislocations in
SiC substrates. The image size is in 1 mm x 1 mm. (d) Profile of on terraces
in Fig. (b) shows the height between terrace is half the unit cell of 6H-SiC.

The LEED patterns on SiC (0001) surface after Hy etching before any further
treatment in the UHV chamber. (a) SiC v/3x/3 R30° reconstruction is always
the dominant feature of Ho etched samples. A diffuse ring around the third
order /3 xv/3R30° spots are visible at this E-beam energy, F,=169eV. (b)
Three fold symmetry /3 xv/3 R30° LEED pattern, which is the evidence of
uniform termination on SiC surface after Hy etching, F,=197eV. . . . . . .
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3.3

3.4

3.5

3.6

3.7

3.8

The schematic drawing of the SiC sample mounting. The sample holder
is made of molybdenum. The hole in the center of the sample holder is
drilled for E-beam bombardment heating. The SiC sample (red rectangle) is
mounted over two tantalum sheets as a bridge. Another two tantalum sheets
are spot-welded on top pinching tightly on the two diagonal corners of the
sample. . ... e e

Top and side views Si adatom model of the V3 xv/3R30° reconstruction for
T4 and Hjz positions. This figure is after Ref. [9]. . . . ... ... ... ...

The schematic drawing of the Auger attenuation model on graphitized SiC(0001)

surface. The atom number on each layer is drawn to be proportional to real
number of atoms on each layer. The reconstruction layer can be all carbon
or silicon atoms, or a mixture of them. The sum of the attenuation factors
of Si and C are calculated with the Matlab code. The attenuation induced
by both incident E-beam and outgoing Auger electron beam is considered.
The incident beam is normal to the surface and the CMA Auger electron
collecting angle is 42.2° from the normal of the surface, therefore an extra
angle factor cos(42.2°) is considered for the IMFP in Tab. 3.1.. . . . . . ..

Graphite film thickness estimation and Auger evolution of annealing SiC(0001)
in UHV. The solid line represents the estimation with the model that one
layer carbon 6v/3 x 6v/3 R30° atoms exist between graphite films and the Si-
face of SiC (note: the attenuation of the 6v/3 x 6v/3 R30° layer is the same
to a v/3xv/3R30° layer). The dash line represents the estimation with the
model that the graphite films are grown directly on the Si-face of SiC, i.e.
no reconstruction layer between the top layer of SiC and the bottom layer of
graphite. The dotted line represents the estimation with the model that one
layer silicon 6v/3x6v/3 R30° atoms exist between graphite films and the Si-face
of SiC. The solid line represents the estimation with the model that one layer
carbon 6v/3x6y/3 R30° atoms exist between graphite films and the Si-face of
SiC. The inlet figure show Auger curves corresponding to different SiC(0001)
surface reconstructions when annealing SiC in UHV. (a) SiC(0001) surface
after Hy etching. (b) SiC(0001) surface annealed up to 1150° C with SiC
V3 xv/3R30° reconstruction on surface. (c) Graphitized SiC(0001) surface
annealed up to 1350° C with SiC 6v/3 x 6/3 R30° reconstruction on surface.

The evolution of the LEED patterns on SiC(0001) surface. (a) SiC /3 x
V3R30° E,=180¢€V. The first phase acquired after annealing in UHV above
1100 ° C. (b) Monolayer graphite on SiC(0001), 6v/3 x 6v/3R30°, E,=49 V.
The V3 xv/3R30° spots are labeled with R3 in the figure and coexist with
the 6v/3x6y/3 R30° spots at this phase. (c) Monolayer graphite on SiC(0001),
61/3 x 61/3R30°, E,=109eV. The diffraction spots show that the graphene
sheets register epitaxially with the underlying SiC(0001) surface and have
30° rotation. (d) Thick graphite on SiC(0001), graphite 1 x 1. Graphite

spots with their satellites are observable. SiC spots are very weak. F,=78¢V .

Expanded view of the lower-left corner of Fig. 3.7d. Arrow A points to the
graphite diffraction spot and arrow B points at a v/3 xv/3R30° spot. The
fine diffraction pattern around the 4th-order V3 xv/3R30° is visible.
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3.9

3.10

3.11

3.12

The SiC 6v/3x6v/3 R30° reconstruction LEED patterns of monolayer graphene
growth on the SiC(0001) surface. At this phase, the LEED pattern exhibits
maximum number diffraction spots, which was traditionally regarded as the
consequence of double scattering. However our results show that it is more
related to a 6v/3 x 6v/3 R30° reconstruction layer between graphite and SiC.
Additionally, v/3xv/3R30° spots are already extinguished, which is a sign we
often assume as the beginning of the initial graphene layer growth. (a) The
pattern around v/3x/3 R30° {01} diffraction spots. Graphite diffraction spots
are out of LEED phosphor scree at this E-beam energy. Three red arrows
point at 3 “A3” spots, which are obvious much brighter than other non-
primary SiC spots, E,=41eV. (b) A higher energy photo for the pattern
around SiC {01} and graphite {01}. A spot outside SiC almost has the
equivalent intensity of SiC spots. The origin of this spot is not clear and we
tend to think it is a also 6v/3 x 6/3 R30° structure factor effect, E,=95¢V.
(c) Higher order diffraction spots, many of which can be reproduced by the
kinematic scattering model, £,=212¢eV. (d) LEED pattern around (00) spots
obtained by titled sample 12°, E,=49¢eV. . . .. ... ... ... ... ...

The SiC 6 x 6 Moiré pattern formed by putting one layer of graphene atoms
(in red) on one layer of SiC atoms (in blue). The axis units are angstroms.
The periodicity follows SiC 6v/3 x 6/3R30° reconstruction due to the geo-
metric relationship between the lattice constants of SiC and graphite that
6v/3dgic = 13dGraphite- The unit cell of graphite rotates 30° relatively to the
SiC substrate unit cell. The 6v/3 x 6v/3 R30° unit cell is depicted as the big

black rhombus and the SiC unitcell is presented by the small black rhombus.

A STM image and its STS spectra of more than three graphene layers on
SiC(0001) surface of a NASA sample. (a) STM image of a surface region
of the graphitized SiC(0001) surface. Three domains in the figure all show
SiC 6x 6 corrugation. The tip voltages was —0.6 V. The constant tunneling
current was 100pA (b) dI/dV spectra (log scale) acquired from upper and
lower regions marked with corresponding color line in the image at top. The
black line is an average of 396 spectra at different positions, the red line an
average of 105. With a few “glitchy” exceptions, individual spectra in each
region showed negligible variation from the average dI/dV shown. Inset:
Atomically resolved region (different sample, similar preparation). (c) dI/dV
spectra comparatione between the upper region and its boundary. Almost
overlapping curves indicate that the graphite is continuous over the domain
boundaries. . . . . ... e

STM images of some graphitized area on the same NASA sample show va-
cancy defects of 6 x6 structure. It is still not clear whether graphite films
on these defects are completed or not. The tip voltages of both figures were
—2.0V. The constant tunneling current was 200pA. . . . . ... ... ...

xiii

45

47

48



3.13

3.14

3.15

3.16

3.17

STM images of monolayer graphene on SiC(0001). The tip voltage were
—1.0V for the top image and —0.8 V' for the bottom image. The constant
tunneling current for both scanning was 100pA. The 6 X 6 corrugation is
clear in the bottom figure. Disordered domains, which might be related to
the growth of new graphite layer, are also visible in both figures. . . . . . .

Fourier analysis on a STM image of monolayer graphene on SiC(0001)surface.
The STM image and the inverse Fourier transform is on the top and the
corresponding Fourier transforms on the bottom (a) The original STM image
obtained from the center 6x6 ordered region of Fig. 3.13b. The tip voltage was
—0.8V and the constant tunneling current was 100 pA. (b) Inverse Fourier
transform with selecting the region around V3xv/3R30° spots and the region
around 6 x6 spots the Fourier transform spectrum of the STM image.

STM images of monolayer graphene film on SiC(0001) with different tip bias
taken simultaneously. The sample was annealed in UHV at 1250° C for 3
mins. (a) Fill states image. The tip voltage was 0.6 V. (b) Empty state
image. The tip bias is —0.6 V. The constant tunneling current was both
100pA. (c) Fourier filtered image of the negative bias STM image by selecting
the mask used in (f). (d) Fourier filtered image of the negative bias STM
image by selecting the complementary mask of (f). (e) Fourier transform
of the original STM image. (f) Fourier transform with a Fourier filter to
suppress the spectrum not related to the feature LEED pattern. . . . . . .

A STM image and its STS spectra of of monolayer graphene on the SiC(0001)
surface. (a) STM image of a surface region of the graphitized SiC(0001) sur-
face, which is also from the center part of Fig. 3.13b. Two major domains are
clear on this image. The higher domain is a disordered region, which could be
the initial growth layer of the next graphene film, since the height between the
two terrace is about 3.34, about the distance between two adjacent graphite
layers. the lower domain on the right is the ordered 6v/3 x 6v/3R30° region.
(b) dI/dV spectra (log scale) acquired from disordered and ordered regions
marked with corresponding color line in the image at top. Individual spectra
in each region showed negligible variation from the average dI/dV shown.
On the right ordered region, the dI/dV spectrum (black solid line) indicates
a zero-gap semiconductor feature spectrum, which is from a graphene layer
on top of the 6v/3x6v/3 R30° interface layer. On the left disordered terrace,
the dI/dV spectrum (red solid line) also displays a zero-gap semiconductor
feature spectrum but with a 30 meV around shift to the filled state energies.
The bump at the —0.2 V' sample bias probably indicates some dangling bond
states in the disordered region. . . . . . . . .. .. .o

Schematic plot of the LEED pattern that thin graphite growth on the SiC(0001)

surface. Diffraction spots are categorized according to their sources. The
sizes of the spots are drawn according to their LEED intensities. . . . . . .
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3.18

3.19

4.1

4.2

4.3

Simulation with kinematical scattering LEED pattern of SiC(0001) surface
on a plane grid. The incident electron beam energy is set to be 60eV. (a)
one 6v/3 x 6v/3R30° unit cell cut from the Fourier-filtered STM image of
Fig. 3.14b (white dashed line). (b) Schematic drawing of one unit cell of the
6v/3x6y/3 R30° layer (grey shaded circles) sitting on SiC 1x1 substrate (filled
black circle) used in the simulation. (c¢) Simulated LEED pattern from the
6v/3x6y/3 R30° reconstruction. (d) Simulated LEED pattern of four layers of
graphene with 0.08 A surface corrugation. . . . . . . ... ... .......

Schematic plot of the three SiC V3 xv/3R30° reconstruction sublattices in
one SiC 6v/3x6v/3 R30° unit cell. The three sublattices are plotted with three
different colors: blue, red and green. Superposing these 3 sublattices yields
a SiC 1x1 lattice. . . . . . . . . . . e

STM images on graphitized 3.5° vicinal SiC(0001) surface. (a) The large
scale STM image shows the terraces on graphitized surface. Step edges run
along [1120] on average. Two pieces of peeled off graphite flakes are visible on
the surface. The tip voltage was —1.0V and the constant tunneling current
was 100 pA. (b) Typical graphitized surface with 6x6 corrugation are visible
on each terrace. A three bilayer step is also resolved. The tip voltage was
—1.0V and the constant tunneling current was 100pA. (c). A schematic
drawing of the ideal graphite ribbons growth on each terraces with parallel
ribbon edge running along [1120] direction. (d) The profile of terraces shows
the the step height between two adjacent major terraces is 0.75 nm, which is
the height of three Si-C bilayer. . . . . . . . . .. . ... ... ... .. ...

Schematic flow of the E-beam lithography process for fabricating graphene
ribbons. . . ...

Patterned graphite ribbons after E-beam lithography process. (a) Optical
microscopy image. The photo was taken under 150 times amplification mode.
(b) AFM image before removing HSQ resist. (¢) SEM image before removing
HSQ resist. The AFM result indicate that the height between the HSQ
surface (high region) and SiC surface (low region) is around 10nm. (d) STM
image after removing HSQ resist with HF solvent. The tip voltage was —4.0V
and the constant tunneling current was 100 pA. The image was taken under
big scan mode. The profile on the surface show that the height between
graphite (higher region) and SiC (lower region) is around 20nm. This is
obviously against the result from AFM measurement when HSQ exist. This
abnormal STM height different is due to the HSQ residue on graphene ribbon
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4.4 STM images over patterned graphite ribbons after E-beam lithography process.
The surface was subsequently heated to 500° C in the UHV chamber. (a)
STM over both graphite and SiC regions. The higher region is graphite rib-
bon region and the lower region is the SiC region with graphite removal in the
lithography process. “Nanocaps” from HSQ resist cover much of the surface.
The tip voltage was —4.0 V' and the constant tunneling current was 100 pA.
(b) A flat region not covered by HSQ shows SiC 6x 6 corrugation. The tip
voltage was —0.9 V' and the constant tunneling current was 1nA. (c¢) Atomic
resolution STM image on the center flat region of (b). SiC 6y/3 x 6v/3 R30°
interfacial layer is resolved. The tip voltage was —0.5V and the constant
tunneling current was 1nA. (d) Another flat region show terraces remaining
Hj etching features. The height between adjacent terraces are the SiC bilayer
height or 6H-SiC half unit cell height. The tip voltage was —2.5V and the
constant tunneling current was 100 pA. (e) SiC 6x6 corrugation obtained on
the flat region in (d). The tip voltage was —0.4 V" and the constant tunneling
current was 100 pA. (f) The profile along the red line in (d). . . . . . . . ..

5.1 The evolution of the LEED patterns on SiC(0001) surface. (a) The LEED
pattern after Hs etching shows SiC V3xv/3R30° reconstruction, E,=118¢V.
Some LEED patterns before graphitization also show 3-fold symmetry and
diffuse background on C-face. Charge effects are observed, when the electron
beam energy is below a threshold value of 110eV. (b) 1 to 2 graphene layers
on SiC(OOOI) surface. Both graphite arcs and SiC V/3x/3 R30° reconstruction
spots are visible, F,=73eV. Graphite arcs indicate that the initial growth
of graphite is azimuthally disordered. (c) 3 to 4 layers of graphene on SiC
(0001) surface. Only graphite rings with stronger intensity and SiC 1x1
spots are visible, E,=103eV. (d) Thicker graphite films with more than 6
layers on SiC (0001) surface. Only graphite rings visible at this phase. The
graphite ring is continuous but not uniform intensity. Bright arcs appears at
certain azimuths along the graphite ring, £,=69¢V. . . .. ... ... ...

5.2 AFM images on graphite films growth on the C-face of SiC prepared in the RF
furnace by Xuebin Li. (a) AFM on thick graphite films growth on SiC C-face.
The surface has big domains in several micron size. The height between big
domains vary from 2nm to 5nm. Big nanotubes are across the surface. (b)
AFM on Hj etched surface the C-face of SiC. The height between adjacent
terraces is around one unit cell height of 4H-SiC. The surface maintain the
terraces after a thin graphite film growth process. . . . . . . . . .. ... ..
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5.3

5.4

9.5

5.6

STM images on thick graphite films grown on the C-face of SiC. (a) 4 um
scan presents an overview on the surface showing domains of micron size.
Large nanotubes cross the surface often forming the the boundaries between
domains. The tip voltage was —2.5V and the constant tunneling current
was 100pA. (b) Nanocaps and flat areas between nanocaps on a flat domain.
The nanocaps coverage is less than 40%. The profile over the lowest part
of the nanocaps show that they sit on graphene islands over the uniform
flat graphite films underneath. The tip voltage was —3.0 V' and the constant
tunneling current was 100 pA. (c) Profile over several domains (dashed line
in (a)). (d) Profile across the lowest region of nanocaps show that the height
is about one layer of graphene, which means nanocaps probably grow on
graphene islands beneath nanocaps. . . . . . . ... ... ... ... ....

High resolution TEM cross-sectional on C-face graphitized 4H-SiC. Along the
(0001) direction, the periodicities of 1nm unit cell and 0.25 nm SiC bilayers
are both discerned within the 4H-SiC. The graphite films in this picture have
uniform thickness of around 20 sheets. However, the thickness is not uniform
on the same sample, varying from 5 to 25 monolayers. The gap between the
SiC substrate and graphite films is probably due to peeling during sample
wafering, since the gap changes in different TEM scans. This figure is after
Ref. [10] . . . o o

The flat region on SiC C-face surface is terminated with graphite films. (a)
The STM image on a flat region with nanocaps on surface. The tip voltage
was —3.0V and the constant tunneling current was 100pA. (b) Atomic
resolution scanning within the dashed square of the flat region. Graphite
with honeycomb structure is discerned. The tip voltage was —1.6 V' and the
constant tunneling current was 100 pA. The graphite films in one domain
show ordered crystal structure, which means the azimuthal disorder seen in
LEED should come from different domains or different graphite layers. (c)

Profile on graphene films shows surface corrugation is only 15-20 picometers.

STM images on thin graphite films grown on SiC C-face. (a) An overview
of the surface shows that after the thin film graphitization process, the sur-
face maintains the oriented terraces forming in the Ho etching process. Big
nanotubes also appear on the surface, but the number density of nanotubes
is much smaller than the thicker films. The tip voltage was —4.0V and
the constant tunneling current was 50pA. (b) The surface is also covered
by nanocap islands. The nanocap coverage is nearly the same to the thick
graphitized surface. The tip voltage was —4.5V and the constant tunneling
current was 100 pA. (c) Profile from (a) shows that the terrace height is 1 nm
or 2nm. (d) Profile from (b) indicate that the height of nanocaps is around
1—1.5nm and the terrace height is 1nm. . . . .. .. ... ... .. ...
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5.7 STM image and its profile on the thin graphite film grown on the C-face of
SiC. (a) STM scan on the flat region between the nanocaps. The structure is
either a disordered structure underneath graphite film or the corrugation of
graphite film itself. The tip voltage was —2.5V and the constant tunneling
current was 50 pA. (b) The profile shows that the surface vertical undulation
is within half an angstrom and the lateral spacing is from 2nm to 5nm.
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SUMMARY

Ultrathin graphite films grown on silicon carbide (SiC) form a promising platform
for ballistic-carrier devices based on nano-patterned epitaxial graphene [11]. Graphite films
with thickness from 1 — 30 atomic layers are grown on the Si-terminated (0001) face and
C-terminated (0001) face of 6H-SiC and 4H-SiC via thermal desorption of silicon in an ul-
trahigh vacuum (UHV) chamber or in a high-vacuum RF furnace. The growth of graphite
films is investigated with low energy electron diffraction (LEED), Auger electron spec-
troscopy (AES), and scanning tunneling microscopy (STM). Graphite LEED patterns and
atom-resolved STM images on graphite films prove that epitaxial growth is achieved on
both faces of the SiC substrate. The thickness of graphite films is estimated with two
methods, modeling the Si:C Auger peak to peak intensities with simplified assumptions
and curve-fitting of synchrotron X-ray diffraction peaks.

Through LEED and STM investigations of monolayer graphite grown on the Si-face of
6H-SiC(0001), we show the existence of a SiC 6v/3 x 6/3 R30° reconstructed layer between
graphite films and the SiC substrate. The graphite films prepared on the Si-face have less
than 0.2 A vertical amplitude corrugation following a SiC 6 x 6 periodicity. We prove that
this assumption is related to the SiC 6v/3 x 6v/3 R30° reconstruction layer. We also prove
that the kinematic scattering from the SiC 6v/3 x 6v/3R30° interfacial structure gives a
good interpretation of the complicated 6v/3 x 6y/3R30° LEED diffraction patterns, which
traditionally are regarded as the result of double-scattering from the graphite film and SiC
substrate. The graphitized surfaces show structurally coherent 50 nm? domains with surface
height difference between adjacent domains in the same terrace varying from 0.5 A to 3.0 A.
The minimum corresponds to the Si-C vertical separation within one SiC bilayer and the
maximum to the graphite interlayer spacing. Further scanning tunneling spectroscopy (STS)
measurements and low temperature STM show that the graphite films remain continuous

over the steps between domains.
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Ultrathin graphite films grown on the C-face of 6H-SiC(0001) in the UHV chamber or
in the RF furnace are also investigated. Some areas of the surface prepared in RF furnace
are covered by nanocaps or nanotubes, and the remaining areas are flat graphite films. The
huge nanotube-like bumps often form common boundaries of the domains. The graphitized
C-face surface generally has larger size domains and terraces than Si-face according to AFM
and X-ray experiments. LEED patterns from the thinnest C-face films show epitaxial growth
on the SiC substrate, however split diffraction arcs in the LEED pattern from thicker films

indicate azimuthal disorder.

XX



CHAPTER I

INTRODUCTION

1.1 Patterned Graphite Nanoelectronics

The semiconductor industry always needs smaller, faster, and more efficient electronic de-
vices. Scientists and engineers work on both scaling down the state-of-the-art CMOS tech-
nology and searching for new materials for narrower and thinner circuit lines. Since metals
are thermodynamically unstable when metallic films are scaled down to nanometer thick-
ness, sooner or later, novel nonmetal materials will inevitably occur on the roadmap of
physical properties. The project, Patterned Graphite Nanoelectronics, investigates and ex-
plores potential device applications of a new material system: ultrathin epitaxial graphite
films grown on silicon carbide substrates.

Organic conductors made of Bechgaard salts and carbon nanotubes are two recent no-
table technologies for nanoelectronics application. Carbon nanotubes have very high carrier
mobility and stable structure, which are promising for high speed devices. Carbon nan-
otubes can be either metallic or semiconducting and resist mechanical and chemical degra-
dation. Carbon nanotube field-effect transistors (FETSs) already have been demonstrated
and operated at room temperature [12, 13]. However, carbon nanotube’s complicated 3D
geometry and unruly growth inhibit its development for high volume device production in
the semiconductor industry. Graphite films, the monolayer of which is called graphene, were
thought to be nonexistent in the free state but have been discovered recently [11, 14, 15].
Graphite ribbons have been proven to have similar electronic properties to carbon nanotubes
with both semiconducting and metallic properties depending on the crystallographic direc-
tion of the graphite ribbon axis [16, 17]. Graphite ribbons have much higher potential for
circuit fabrication through typical microelectronic technologies, since graphene has planar
structure.

Two methods of fabricating ultrathin graphite films, graphene, or few-layer graphene,



have been developed. One way is to micromechanically cleave graphite films from highly
oriented pyrolytic graphite(HOPG) [14, 15], and the other is to grow graphite films on
silicon-terminated or carbon-terminated surfaces of silicon carbide substrates [11]. A thor-
ough description of the micromechanical method can be found in the works of Novoselov, et
al. and Zhang, et al. [14, 15]. The latter method, growth of ultrathin epitaxial graphite films
on single-crystal silicon carbide, is promising for fabricating large scale circuits [11]. The
transport properties of graphite ribbons are closely related to those of carbon nanotubes and
reveal the Dirac nature of the charge carriers [4, 18]. Magnetotransport measurements of
patterned structures reveal remarkable quantum confinement effects showing that graphene
ribbons act as electron waveguides. The phase coherence length exceeds one micrometer at
4K and mobilities can be over 2.5m?/V - s [19]. All graphene electronically coherent devices

and device architectures are envisaged.

1.2 Silicon Carbide

The reason silicon carbide (SiC) was selected as the platform for growing ultra thin graphite
films is its unique properties. Under certain high temperature and high vacuum conditions,
SiC evaporates Si atoms on its surfaces and the remaining carbon atoms naturally form
ultrathin graphite films on the surface. On the other hand, as one of the most interesting
wide band gap semiconductors, the physical and chemical properties of SiC have been widely
investigated for over 100 years. Its special fabrication process and numerous applications

are among the top research interests of scientists and engineers.

1.2.1 Physical Properties of SiC

Silicon carbide has more than 170 polytypes, however only a few of them are useful for
reliable semiconductor electronic devices. Each SiC polytype, consisting of half silicon
atoms and half carbon atoms, has its own distinct electronic and optical properties due to
the unique stacking sequences of Si-C bilayers. All polytypes have a hexagonal frame of SiC
bilayers [20]. In each bilayer, the distance between the carbon and silicon atom is 1.89 A, and
the distance between the closest carbon atoms is 3.08 A [20, 21]. The distance between two

bilayers is 2.52 A. The most common polytypes of SiC being developed for electronics are
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Figure 1.1: The crystal structure of commonly used SiC polytypes. The stacking sequence
of Si-C bilayers along the c-axis (0001) determine the properties of each SiC polytype. (a)
In SiC, each Si atom is bonded tetrahedrally with four C atoms and each C atom is also
bonded tetrahedrally with four silicon atoms. Each bilayer plane is perpendicular to the
[0001] direction. Six bilayers of each polytype are plotted: (b) 3C-SiC has ABC stacking
sequence as common fcc structure. (c¢) 4H-SiC has ABCB stacking sequence with hexagonal
structure, , which is displayed parallel to SiC {1120} plane. (d) 6H-SiC(hexagonal) has
ABCACSB stacking sequence with structure. This figure is after Ref. [1].

3C-SiC, 4H-SiC, and 6H-SiC. 3C-SiC is the only form of SiC with a cubic crystal structure,
whose stacking sequence is ABC...; 4H-SiC and 6H-SiC, which have stacking sequences of
ABCB... and ABCACB... respectively, are two of many SiC polytypes with a hexagonal
crystal structure. Hexagonal SiC crystals have a polar ¢ axis, which means the two opposite
faces of the SiC along c axis terminate with different atoms, i.e. silicon atoms on Si-face
(0001) and carbon atoms on C-face (0001). The two faces are different in physical and
chemical properties. The plane formed by a bilayer sheet of silicon and carbon atoms is
defined as the basal plane, and the stacking direction [0001] is normal to the basal plane.
Figure 1.1 depicts schematically the stacking sequence of the 3H-SiC, 4H-SiC and 6H-SiC

polytypes, respectively [1].



—_—

{192 Jun

LR

S1 S2* S1*

Figure 1.2: Four possible bulk-terminated surface layer stacking sequences on 4H-SiC (0001).
S1 and S2 are different configurations according to different orientated bilayers. S1* and
S2* have the same configuration as S1 and S2 respectively, after a 60° rotation along [0001]
axis. This figure is after Ref. [2].

The bulk termination of SiC may influence graphite film growth, therefore characteriz-
ing it is important. The truncated layer can be any SiC bilayer and a different truncated
layer brings a different configuration from the side view. For instance, 4H-SiC has four
possibilities of termination, which are labeled S1, S2, S1* and S2* in Fig. 1.2. Configura-
tion S1 and S2 are different, while S1* and S2* have the same configuration as S1 and S2,
respectively, after a 60° rotation along (0001) axis [1]. If the entire surfaces consistantly
terminated with one type of bilayer, the LEED patterns show 3-fold symmetry rather than
the typically observed 6-fold symmetry. This phenomenon exists on Hs etched SiC. The
crystalline structure of SiC determines that if the SiC (0001) or (0001) surfaces are ter-
minated randomly on different domains, the corresponding LEED diffraction spots will be

6-fold symmetric.
1.2.2 CVD Growth of SiC Wafer

Growing high quality SiC wafers has been a challenging task since SiC was discovered in the
early nineteenth century. High quality SiC wafers are much more difficult to prepare than
silicon or germanium, since SiC will sublime before melting at a certain high temperature,
which will invalidate the traditional silicon crystal growth treatments. Two state-of-the-art

methods are commonly used for growing high quality SiC wafers. One is Seeded Sublimation



Growth, which was invented by Tairov and Tsvetkov in 1978 [22] and developed by Cree
Inc. [23]. Cree used the “step-controlled epitaxy” technique to grow high-quality epitaxial
SiC on off-axis SiC substrates in 1989 [20] and the company further developed into the
biggest commercial SiC wafer manufacturer. In the seeded sublimation growth process, the
temperature gradient between the SiC powder and the SiC seed is the critical factor and
needs to be accurately controlled. The other SiC growth method is the High Temperature
Chemical Vapor Deposition (HTCVD) technique developed in the mid-1990s [24]. For
HTCVD method, the gases of mainly silane, ethylene, and a helium carrier are used as the
sources instead of SiC powder. The silane decomposes and forms small Si liquid droplets
or solid microcrystals in the HTCVD furnace. The ethylene also takes part in the reaction,

forming microparticles of Si,C,.
1.2.3 Electronics Application of SiC

SiC can be used for any color LED from the visible to very short wavelength ultraviolet
(UV) due to its wide band gap. The first viable full-color LED-based displays were achieved
in a 1x1 em? single crystal wafer of 6H-SiC. However, the brightness of SiC blue LEDs was
only around 10 med to 20 med and the quantum efficiency was much less than 1% due to its
indirect band gap [20]. Thus, although 6H-SiC has been commercialized since 1989 as the
first blue LED, it has been replaced by much brighter and higher efficiency III-V nitride
semiconductors, like GaN and AIN, which have attained emission at 210nm [25].

Silicon carbide has long been recognized as a good candidate for high power and high
temperature electronics due to its outstanding electrical and thermal properties. Silicon
carbide has a wider band gap energy and much lower intrinsic carrier concentration than
silicon, which leads to a much higher-temperature functional range than silicon. For semi-
conductor electronic devices, the intrinsic carrier concentration is a fundamental factor in
determining junction reverse-bias leakage currents. As temperature increases, the number
of intrinsic carriers increases exponentially. This leads to the dramatic growth of unde-
sired leakage currents. At sufficiently high temperature, intrinsic carrier density exceeds

the doping density and the semiconductor device will not function. Silicon devices are



commonly applied below 300° C due to the this issue. Taking advantage of low intrinsic
carrier concentration, SiC can operate theoretically at junction temperatures of more than
800° C. Several SiC prototype devices operating at up to 600° C have been demonstrated
experimentally.

Due to its high breakdown electric field, SiC can withstand a voltage gradient over eight
times greater than Si or GaAs, which enables the fabrication of high-voltage and high-
power electronics devices. SiC has a thermal conductivity that is higher than any metal at
room temperature, which enables SiC devices to operate at extremely high power levels and
still dissipate large amounts of excess heat that are generated. The high breakdown field
and high thermal conductivity of SiC coupled with high operational junction temperatures
theoretically permit extremely high power densities and efficiencies to be realized [26]. The
significantly higher breakdown field and wide energy band gap of SiC also enable much
faster power switching than comparable silicon-based power-switching devices with similar
breakdown voltages. Therefore, SiC based power converters can operate at higher switching

frequencies with greater efficiency.

1.3 Graphite Films and Graphene

Graphite has a three-dimensional (3D) layered crystal structure in which the carbon atoms
are arranged in a hexagonal lattice. Among several possible layer stacking sequences, the
AB sequence (Bernal crystal structure) is the most common and stable stacking sequence
of graphite. The layer separation in the Bernal structure is 3.35 A, which is approximately
twice the van der Waals radius of carbon [27]. An AB stacking graphite unit cell has 4
atoms, as labeled by A, A’, B and B’ in Fig. 1.3a. The dimensions of the unit cell are
c=06.7A and a = 246 A. The A and A’ atoms have neighbors directly above and below in
adjacent layer planes, whereas the B and B’ atoms do not have such neighbors [28]. The
direct neighboring of A results in a bonding disturbance of electron density states, therefore
only B atoms are resolved for most STM atomic resolution images on graphite [29], as will
be discussed further in chapter 3. The 3-D first Brillouin zone of the Bernal graphite is

™

formed by the planes k, = +% and the six planes going through the 2D Brillouin zone



hexagon edges of length %.

The band structure of graphite has been studied for more than half a century since
the early work of Wallace [30]. The atomic electronic configuration of an isolated carbon
atom is 1522522p?. The three valence electrons in 2s, 2p, and 2p, orbitals are mixed with
each other, which is well known as sp? hybridization. These sp? orbitals overlap and form
strong ¢ bonds between carbon atoms on a graphite layer plane. On the other hand, the 2p,
electrons form delocalized orbitals of 7 symmetry. The loosely bound m-electrons have much
higher mobilities, so that the m-electrons play a dominant role in the electronic properties
of graphite [28, 30, 31]. In one unit cell, there are 4 atoms and 16 energy bands, 12 of
which are o-bands and the other 4 are m-bands. Six o-bands are bonding and the other six
o bands at higher energies are antibonding. These 2 groups of six o-bands are separated by
~ 5eV[28]. The m-bands lie between these two groups of o-bands. Similarly, two m-bands
are bonding and the other two are anti-bonding. However all 16 bands are coupled and the
four m-bands are coupled most strongly. Only half of the 16 energy bands in one unit cell
are filled, thus the Fermi level lies in the middle of the four m-bands. The upper w-bands,
which form the highest valence bands, overlap along the edges of Brillouin zone, making
graphite a semi-metal. The 7 band overlap energy is about 0.03eV [28].

Graphene is a single atomic layer of graphite with sp? bonded carbon atoms in a hon-
eycomb structure(Figure 1.4a). One unit cell includes two atoms. The charge carriers in

graphene are mimic relativistic particles with a linear £ — k dispersion following the form

of Einstein’s equations of Ey = £1/m?v}, + h2v%k?, where hk is the electron momentum
(Figure 1.4b). The carriers have an effective “speed of light” ¢, ~ 10%ms~1!, i.e. one thirti-
eth of the speed of light [32]. The F — k dispersion depends sensitively on the thickness of
graphene layers. The newest study on 2-layers of graphene shows that the E — k dispersion
become parabolic at the Dirac point By = a £ y/m?v + vZk2? [31].

Graphene is the first semi-metal two-dimensional(2D) electron- and hole-gas system.
Two dimensional electron gases (2DEGs) offer a mature system of extremely high mobil-

ity electrons, especially at low temperatures. When cooled to 10 mK, systems can have
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Figure 1.3: The crystal structure of graphite ABABA (Bernal Structure) and its Brillouin
zone. (a) The primitive unit cell with dimensions a = 2.46 Aand ¢ = 6.71 A. The bonding in
plane length is 1.42 A. There are four atoms per unit cell, labeled as A, A’, B and B’. The
difference between A atoms and B atoms lies in that A atoms (solid circles) have neighbors
directly above and below in the adjacent layer planes but B atoms (hollow circles) do not
have such neighbors in adjacent planes. (b) The Brillouin zone of graphite. The electron
and hole Fermi surfaces are located in the vicinity of the edges HKH and H’'K’H’, where
KH=7.



mobilities of 3 x 10" cm?/(V - s). The typical 2DEG systems are inversion layers of MOS-
FET transistors, heterojunction transistors [also called High Electron Mobility Transistor
(HEMT)] and quantum wells. The graphene 2DEG is a quantum well system that con-
fines carriers within an extremely narrow quantum well. Carrier mobilities are expected
to approach 10%cm?/V -s. Transport in ultrathin graphite films has been studied very
recently, and several striking properties have been found [11, 32-34]. Unlike nanotubes,
conventional nanolithography can be applied to control the ribbon geometry and place-
ment, which makes graphene more promising for future large-scale-integrated electronic
devices. The graphite/silicon carbide system is a promising platform for ballistic-carrier

devices based on nano-patterned epitaxial graphene [11].
1.3.1 Quantum Hall Effect and Landau Levels

A 2-D electron system (2DES) has confinement along the z-axis (perpendicular to the 2DES
plane), so the energy of an electron for a motion along the z axis is quantized. What’s
more, if a strong magnetic field perpendicular to the plane exists, the energy in plane is
also quantized, which is called Landau quantization.

The Hall resistance in 3-D bulk conductor is

H
= 1.1
pH = (1.1)

which is a smoothly varying function of the density of carriers and magnetic field [35]. For
a 2D electron gas surface, the electrons are confined in a plane, when we add a strong
magnetic field perpendicular to the surface, the semiclassical electrons in the center will

travel in orbits with the cyclotron frequency [36],

eH
= 1.2
We me’ (1.2)
and its energy is quantized with
1
e=(n+ §)hwc. (1.3)

The circular motions of electrons in the center do not contribute to the net current.

The current is from the “skipping orbits” of electrons at the edge of the sample. Therefore



Figure 1.4: Representations of graphene in real space and momentum space . (a) Graphene’s
honeycomb lattice. Each carbon atom (black solid ball) has three covalent o-bond electrons
bonding tightly with three other carbon atoms in plane and one m-bond electron having high
mobility. m-bond electrons wander across the plane and forming 2D electron gas. Hydrogen
atoms (representing with the small blue balls) are often used to passivate the dangling
bonds hanging on the edge of graphene. This figure is after Ref. [3]. (b) Band structure of
the graphene film. The energy-momentum dispersion is linear, E' = hk|vp| near the Dirac
points representing as the vertices of the blue hexagon.
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the Hall resistance vs. number of electrons curve shows plateaus, which is known as inte-
gral Quantum Hall Effect for impure samples and fractional Quantum Hall Effect in pure
samples.

The Hall conductance o, takes on the quantized values

62
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with v the “filling factor”, Hall constant. The Hall conductivity is measured perpendicular
to the direction of current flow. At the same time, the resistivity measured parallel to the
current flow goes to zero: p,, — 0. In the the integer Quantum Hall Effect, v takes on
integer values (v = 1, 2, 3, etc.) with a precision of about 1071°. In the fractional quantum
Hall effect, v can occur as a rational fraction.

However, QHE phenomenon of the 2DEG in graphene is special. The first plateau in
the Hall conductivity is equal to 2¢2/h (Fig. 1.5), which is a half filled Landau level. For
graphene, the filling factor v = 4 is due to the double-spin and double-valley degener-
acy. The half integer shift was explained by Geim’s group with “pseudospins”, which have
nothing to do with the real spin but are “built in” to the Dirac-like spectrum of graphene

[4, 18].
1.3.2 Graphite Films/SiC system

It has been demonstrated that heating 4H/6H-SiC (0001) or (0001) samples in ultra high
vacuum (UHV) or high vacuum environment results in the depletion of silicon from the
surface, with the development of several reconstructions, culminating in the formation of
thin graphite films [37-39]. Three SiC bilayers of carbon atoms can collapse into one
graphene layer according to the 2-D atom densities of SiC and graphite. The mechanism of
graphite growth on both faces is obviously different but still not yet clear. On Si-face, the
low energy electron diffraction (LEED) patterns show that there is a 30° rotation between
the graphite unit cell and the SiC substrate unit cell. When the graphite film is thin, a
very complicated 6v/3 x 6v/3 R30° reconstruction LEED pattern can be observed. STM on
Si-face shows that the graphite films have a SiC 6 x 6 surface corrugation and the surface

has many domains. On C-face, the graphitization starts 50° C lower in temperature than on
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Figure 1.5: Quantum Hall Effect in graphene. The green line is the longitudinal resistivity
Pz Of the graphene 2D electron gas in high magnetic field. p,, goes to zero at the values
where the transverse conductivity o, is quantized in units of e/h. The factor 4 is due to
the spin and band-structure degeneracy in graphene. The inset plot shows that the 1/2-
integer phase shift disappears and the band symmetry changed when one of the systems
has more than one graphene sheet. This figure is after Ref. [4].
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the Si-face and has a much higher growth rate. The LEED pattern on thicker C-face films
shows graphite rings instead of the graphite diffraction spots on Si-face, which represents
the azimuth disorder of graphite on the surface. The graphite ring is not continuous but
split into several arcs. STM on C-face shows that surface has carbon nanotube and nanocap

structures [40-43].

1.4 Work in This Thesis

My thesis work focuses on 1) growing large-scale high quality flat graphite films, 2) charac-
terizing graphite films grown on both Si and C faces of SiC, and 3) identifying the interfaces
between graphite films and SiC. The study of the interface on the Si-face gives a partial
solution to the controversy of the mechanism of the initial graphite growth. The transport
properties of a graphite/SiC system are very likely connected to the interfacial layers. In
this thesis, I trace the evolution of LEED patterns and Auger electron spectra (AES) in the
stepwise heating of SiC(0001) face by electron-bombardment heating in UHV and SiC(0001)
face after RF furnace heating. I also record STM images on different thickness graphite
films on both faces of SiC. With clear LEED patterns and Fourier analysis on STM images
of the graphite films on SiC(0001), I evaluate the origin of LEED diffraction spots of the SiC
6v/3 x 6/3R30° reconstruction on SiC(0001), emphasizing the kinematic scattering model.
Through LEED, AES and STM, I conduct surface analysis on graphite ribbons grown on
vicinal 6H-SiC samples and graphite ribbons patterned by an E-beam lithography process.
I also investigate the surface topology of the graphitized SiC(0001) surface and identify

different graphitized surface structures from the SiC(0001) face.
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CHAPTER II

EXPERIMENTAL APPARATUS AND TECHNIQUES

Most surface studies in this paper were performed in a home built ultra high vacuum
(base pressure < 10710 Torr) surface-analysis chamber [44]. The system is equipped with
a ion sputtering gun, a field emission/ion microscopy, a 4-grid LEED system, a single-pass
cylindrical mirror analyzer, and a scanning tunneling microscopy. The LEED, AES, and

STM, as the most related techniques will be discussed below.

2.1 Low Energy Electron Diffraction
2.1.1 Four-grid LEED System

The four-grid reverse view LEED system was made by Princeton Research Instruments [5].
The complete unit is mounted on an 8 inch OD knife edge flange. The diagram of the
LEED optics is depicted in Fig. 2.2. The four metal mesh grids and the phosphor screen
(collector) are constructed as concentric hemispheres. The sample sits at the center of
these hemispheres. Metal mesh Grid 1 is common grounded, thus scattered electrons fly
freely within the hemisphere of Grid 1. Grids 2 and 3 are both connected to a negative
suppress voltage source acting as a high energy pass filter, which suppresses the inelastically
scattered electrons and improve the LEED contrast. Grid 3 is helpful in eliminating the
inhomogeneities caused by the high electrical field of the phosphor screen. Grid 4 is grounded
to reduce the capacity between the collector and Grid 3 and to exclude any possible AC
modulation voltage from suppress grids to the collector, which is important when the four-
grid LEED system is used as a retarding field analyzer for the AES experiments. A positive
bias from 2kV to 5kV is applied to the phosphor screen to collect the electrons with energy
higher than suppress bias for a LEED pattern or RFA collector current.

The bias controls are the key to obtaining sharp LEED patterns. Four voltages can be

adjusted in our LEED system, V) for emission current, Vs for focusing, and V3 for retarding

14



Figure 2.1: A picture of the room temperature, ultra high vacuum scanning tunneling
microscopy system. The chamber includes capabilities for scanning tunneling microscopy,
low-energy electron diffraction, Auger electron spectroscopy, ion beam sputtering, a field
ion/field emission microscope, metal deposition, residual gas analysis, and a load-lock for

tip/sample exchange.
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Figure 2.2: The diagram of the four-grid reverse view LEED system optics. This figure is
from the manual of the LEED system [5].

and suppress voltage adjusting contrast. The gun is designed to maintain the stability of
the focus at different energies when the ratio of (Vo — Vy)/(V3 — Vy) is fixed. Since we did
not fix that ratio, we kept adjusting the above voltages for the optimum images at different
beam energies. The emission bias controls the size and intensity of the electron beam and

should be set around 20% to 50% of the maximal value for optimum focus and contrast.
2.1.2 LEED Pattern Interpretation

The kinematic LEED pattern can be interpreted straightforwardly with the aid of Ewald
sphere construction. For an ideal single layer of 2D lattice, the reciprocal lattice changed

from 3D reciprocal lattice points to 2D rods, like (01), (02), the directions of which are
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(a) k-Space: Ewald Sphere for LEED (b
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Figure 2.3: (a) 2D LEED diffraction interpreted with Ewald sphere. Surface diffraction
rods (01), (02), and ... are normal to the 2D crystalline plane and intercepted by the
Ewald sphere at the constructive diffraction spots. (b) Diffraction beams and LEED spots
in real LEED system. The blue triangles in two figures are analogous, which determines a
direct mapping from the diffraction spots on camera photos and reciprocal lattices through
a simple formalism.

parallel and perpendicular to the 2D plane (Fig. 2.3a). A simple geometric relationship
between the constructive diffraction triangle in Ewald sphere and the triangle in real op-
tics exists, therefore the LEED picture obtained with a camera exactly maps certain 2D

reciprocal lattices of the top layers of the sample (Fig. 2.3) [45]. The lattice constant of a

hexagon a 2D structure can be calculated by the following formula,

lg 150.4
V3ax\ E(eV)

Where R is the radius of the phosphor screen, z is the distance between the first order

(2.1)

diffraction spot of the hexagonal lattice and the origin spot (00), and E is the energy of
electron beam in eV. The unit of lattice constant a is angstrom. Since the lattice constant
of SiC is already known accurately, we can measure the LEED pattern to calibrate the

sample surface to the center of the concentric sphere grids in the LEED system.
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2.2 Awuger Electron Spectroscopy: Single-pass CMA
2.2.1 Auger Process

Auger process is an electron-impact inelastic ionization process. Since the output Auger
electron energy relates directly with the core subshell energy bands, Auger electron spectrum
can record the feature peaks like the finger prints of each element. Fig. 2.4a depicts a typical
K L1Ls Auger process. An electron in K shell is excited by the high energy incident electron
beams and leaves a hole on K shell resulting in a decay that an electron from L; shell transits
to K shell filling the hole. The transition energy is transferred to another electron in another
L subshell and this electron escapes from the bonding of the core and become an Auger

electron. The energy of an KLL process Auger electron is

Eyin = Ex — Er1 — Ero, (2.2)

where Er; and Ery are the binding energies of Ly and Lo levels [46].

The universal curve (Fig. 2.4b) gives the relation between inelastic mean free path (i.e.,
escape depth in the Auger process) and kinetic energy of the electrons. The escape depth of
the Auger electrons of Si and C can be estimated from this universal curve, which is useful

for estimating the thickness of graphite films roughly.
2.2.2 Modulation Technique for Auger Spectra

Buried in the strong secondary electron background, Auger electron signal is measured with
a modulation technique applied by an additional Lock-in Amplifier. The Lock-in Amplifier
superimposes a modulation voltage AE = ksin(wt) on the pass energy of an electrostatic

analyzer, then the total current collected can be written as a Taylor series:

" "

I(E+ AE) = I(E)+ I'(E)AFE — %(E)AEQ + y(E)AE‘? + ... (2.3)

where the prime denotes differentiation with respect to E. Therefore,
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Figure 2.4: (a) A schematic drawing of the KLL Auger process. (b) Universal curve of the
inelastic mean free path vs. electron energy. The solid line is the theory result. This figure
is after Ref. [6, 7].

" 1

I I
I = I+ (I'K + §K3 +...)sinwt — (ZKQ + 1" cos 2wt

1

I/l
Ip+ I'K sinwt — ZKZ cos 2wt (2.4)

When the modulation voltage K is small (Note: K should be less than 3 volts, and we used
0.34 volt for our AES experiments.), the higher order terms can be neglected.

We used the retard field analyzer to measure the AES in our low temperature STM
system. The current acquired from the collector of RFA is the integral of electrons with
energy above the retard field, therefore, we should set the Lock-in at the second harmonic of

the modulating frequency mode, which displays the second derivative of collector current,

the magnitude of which is proportional to the Auger spectrum d]Z(EE).

A single-pass cylindrical mirror analyzer (CMA) is used for AES measurement in our
room temperature STM system. The diagram of the CMA is in Fig. 2.6. Due to a preset
electrical field between the inner and outer shells of the cylinder, only electrons with a

certain energy (E ~ FE + AF) can pass the cylinder and contribute to the collector current.
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to the Auger electrons distribution N(E). (¢) The first derivative of current distribution

gives the AES spectrum. This figure is after Ref.[8].
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Figure 2.6: A schematic diagram of the single pass cylindrical mirror analyzer. This figure
is after Ref. [8].

The bias between inner and outer cylinders is V' = 1.3E - In(Rout/Rin), where Lo = 6.1R;,
and E is the energy of Auger electrons. Since AE/FE is independent of E, the collector
current [ o< E - N(E). Instead of the second derivative used in a RFA, the first derivative
of the collector current in CMA is used here, which is equal to E - dN(E)/dE + N(E).
The two terms are opposite signs when the E-beam energies are below 200eV, resulting in
a flat background. On the other hand, Auger electron intensity dramatically increases with
decreasing E-beam energy, which is compensated by the gain decreasing of the multiplier
with energy dropping, therefore the whole spectrum can be recorded with the same gain

(Fig. 2.5). The amplitude A(w) at frequency w is given by

dN(E)
dE

A(w) = KI'(E) (2.5)

The CMA acts as an energy bandpass filter and the RFA is a high energy pass filter.
Therefore the actual collector current of CMA is around 10* smaller than that of RFA,

which leads to a higher signal to noise (SNR) ratio of factor 102 [45].
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2.3 Scanning Tunneling Microscopy Techniques and Equip-
ments

2.3.1 STM Techniques

Instead of using light source or electron guns as traditional microscopes, a scanning tun-
neling microscope (STM) applies an ultra sharp tip to sense the tiny current tunneling to
the approached surface for collecting the surface information. Due to its high lateral and
vertical resolution, STM is able to reveal the atom arrangement and/or the local density
of states (LDOS) on surface in real space, which is an important complimentary result to
the LEED diffraction patterns, since LEED holds reciprocal lattices’ information. Com-
parison between images from these two tools usually solves straightforwardly surface atom
arrangement. Further, scanning tunneling spectroscopy (STS), a function associated with
most STM systems, provides atomically resolved spectroscopy, which contains a wealth of

important information of surfaces, such as LDOS, band gaps, dangling bonds, absorbates,
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and chemical compositions.

The simplest STM tunneling model can be obtained from the typical finite rectangular
barrier problem of quantum mechanics (Fig. 2.7). An immediate derived tunneling current
is given by I o< e 2%¢ where k = \/m. For STM experiments, the work
function of material Vz is about 4 ~ 5e¢V and the x ~ 1 A, so typically the current drops
almost an order of magnitude for every additional 1 A tip sample gap. When the coupling
between the tip and the sample is very weak, the first-order perturbation theory exists and

the current can be expressed as,

=53 IMul* 6B, — B)f(E,) (B, +eV), (2.6)
8%
h
M = o @S5 7 = 0 7 ) (2.7

where M,,, is the matrix element between the filled states v, and the empty states 1),,. The
tunneling only occurs from filled states to empty states. Positive tip voltage leads to filled
states of the specimen, and the negative tip voltage represents the empty states. The ¢
function means that only elastic tunneling is considered.

The formalism above assumes that the two electrodes can be described as independent
systems and the tunneling is regarded as a small coupling, which does not perturb signifi-
cantly the wave functions. However, this assumption is often far away from the real situation
of STM experiments since the barrier shape in 3D is very complicated. Nevertheless, this
method is still widely used since it incorporates the band structure and surface density of
states into the calculation [47].

Another approach to studying tunneling current is to solve the Schrodinger equation,
which requires tremendous calculation to consider real metal Fermi surfaces as well as a
complex tip and sample geometry. Simmons (1963) gave the solution with a simplified
model of one dimension tunneling using the WKB approximation and a free electron metal

[48]. With WKB approximation, the tunneling current can be written as
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I= /ev VAED,(E — eV)D,(E)M(E,V) (2.8)
0

where D, and D, are the density of states (DOS) of the tip and the specimen. Further
calculation with locally sphere tip model also shows that the density of states are relevant
for the tunneling current [49].

In STS experiments, I-V curves for fixed separations are obtained by measuring the
variation of the tunneling current as a function of voltage at a constant tip-sample separa-
tion. If D, and the transmission coefficient M(E,V) are constant, 9I/0V is proportional
to the density states of the sample. However, the transmission coefficient is not a constant

due to the exponential growth of current with voltage, therefore the normalized differential

conductance d%“i/v is often used, which is equal to d(Inl)/d(InV).

dI/dV _ Dy(eV)M(eV) 2.9
IV L[V D (E)M(eV)dE '

The normalized differential conductance provides a good approximation to the surface
density of states, however it doesn’t work at the band gap edge, where the current goes to
zero much faster than the differential conductance. Usually, density of states goes to zero
at band edges, so the large peaks appearing on the edge of the band gaps are due to the
divergence not the large density of states. One way to solve this problem is to average I/V

over a large scale voltage [47, 50, 51].
2.3.2 Room Temperature STM

The thorough description of our home-built, room temperature STM can be found in pre-
vious literature [52]. In a nutshell, The STM tip scanner consists of concentric piezoelectric
tubes. The 12.5 mm diameter outer tube controls tip-sample separation along Z axis, while
the inner 6 mm diameter tube is split into four quadrants and used for scanning along hori-
zontal X and Y directions. The sample block is connected to the virtual-ground input of an
in situ Op-Amp (OPA128 [53]) current-to-voltage converter (108V/A), which has less than
0.01pA noise. A switch is mounted on the Op-Amp to select modes of via or bypass the

Op-Amp. A voltage pre-amplifier is used to further amplify the voltage up to preset value
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and feed this signal (V},,) into a log amplifier. The Vj, is compared with a reference signal of

),

Viey = 1V, which yields an error signal output from the log amplifier, Ve, = Alogyo(y -

where A is the gain of the log amplifier. Since the tunneling current has an exponent
relationship with the tip-sample distance, this error signal V,,(z) is proportional to the
difference between instantaneous tip-sample distance d(z) and the preset reference distance
do. This error signal is amplified and transferred to a voltage signal V, which is applied to
the center piezo tube. Since V, also has a linear relationship to the difference of d(z) and
do, i.e., V. o [d(x) — do], the error signal can be used as a feedback to adjust the tip-sample
distance d(z) to approach preset dy so as to approximately maintain a constant tunneling
current. As for the coarse motion of the STM system, it is accomplished by using Burleigh

piezoelectric inchworm motors to push/pull the sample block [54, 55].
2.3.3 Low Temperature STM

The thermal limit determined by the width of the edge of the Fermi distribution of electrons
in the metal electrodes is about 2kT (~ 50meV’). The resolution is good enough for most
interested features on metals, such as some inelastic process limits (~ 5.4kT), however,
this resolution is not sufficient for band gap of superconductivity and the energies of other
inelastic processes associated with photons or excitations of vibrational models of adsorbed
molecules (~ 5meV’). The quantum confinement of narrow graphite ribbons determines
that the band gap is dependent to the width of the ribbon. when width of graphite ribbons
changes from 10nm to 1um, the band gap varies from 10meV to 1eV, which smaller than
the thermal limit of RT STM, therefore a LT-STM is necessary for an accurate graphite IV
spectroscopy measurement. Moreover, the low temperature of the STM freezes the motion
of most adsorbates that can be evaporated onto the sample surface either inside or outside
the STM, so that the surface can be scanning for several weeks without degradation. We
have collaborated with the STM lab at NIST for the study of graphitized SiC and obtained

excellent atomic resolution graphene STM images and high resolutions spectroscopies[56].
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2.3.4 Tip Preparation

All the STM experiments in this paper were done with the tungsten tips that have high stiff-
ness, high purity and good inertness. The tungsten tips were prepared through traditional
electrochemical method (AC current etching). The electrochemical reaction is

cathode: 6H20 + 6e~ — 3H(g) + 60H ™,

anode: W (s) +80H~ — WO3 + 4H20 + 6e~,

overall: W (s) +20H~ + 2H0 — WO? + 3H(g).

In this reaction, tungsten was dissovled to soluble tungstate (WWO?) anions at the anode,
and the water was dissolved into hydrogen forming bubbles and OH ™~ ions at the cathode
[55]. The oxidized layers of the tips were removed by bombardment heating in the UHV

chamber.
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CHAPTER III

CHARACTERISTICS OF GRAPHITE FILMS ON SIC
(0001) SURFACE

3.1 Sample Preparation

Our two SiC wafer suppliers are Cree, Inc. [23] and NASA Glenn [57] Research Center. Cree
is our major 6H- and 4H-SiC wafter supplier. The wafers from Cree are all completed 2-inch
wafers, which were first sawed into small pieces in the clean room of the Microelectronics
Research Center (MiRC) of Georgia Tech. The typical sample size is 3.5 mm X 4.5 mm. We
only study supplier pre-polished SiC surfaces. 6H-SiC wafers as-received are either only
Si face polished or both Si and C faces polished and 4H-SiC wafers are all double-side
polished. All the 4H-SiC wafters are un-doped and the resistivity is 0.5 - ¢m. The as-
received surfaces of the wafers are full of scratches and surface defects (Fig. 3.1a), therefore
the first treatment is to polish the surface to atomic flat level with chemical or physical

methods, which is an obvious prerequisite for growing high quality graphite films.
3.1.1 Hydrogen Etching and Chemical Vapor Deposition Growth

Xuebin Li et al. successfully developed a hydrogen etching process by applying mixed gas of
5% hydrogen and 95% argon to chemically react with the SiC surface at around 1500° C in
the quartz tube of a home built RF furnace. The annealing curve was monitored via a Lab
View program with optimum parameters based on numerous annealing tests. The Hs flow
rate was controlled by empirical parameters. A typical 30 to 60 minutes Hs etching removes
all sorts of surface defects and scratches (Fig. 3.1b). After this process, the polished sides
are typically composed of atomically-flat terraces, separated by steps of half or one SiC unit
cell height, as shown in Fig. 3.1b & d (note: in case of half unit cell height, it is 5A for
4H-SiC or 7.5A for 6H-SiC).

After Hs etching in the furnace, there are some small fine structures on each terrace
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Figure 3.1: SiC surface preparation before growing graphite films. (a) AFM image on 6H-
SiC Si-face of an as-received sample, full of scratches and defects. (b) After Hy etching at
1500° C for 30 minutes in the home built RF furnace, the surface on SiC (0001) or (0001)
face becomes atomic flat with ordered terraces and step of one unit cell height (1.5nm for
6H-SiC and for 1.0nm for 4H-SiC). (¢) NASA samples have been further processed with
CVD growth to remove terraces and develop atomically flat surfaces on some mesas. The
mesas on the surface are used to prevent the spread of intrinsic screw dislocations in SiC
substrates. The image size is in 1 mm x 1 mm. (d) Profile of on terraces in Fig. (b) shows
the height between terrace is half the unit cell of 6H-SiC.
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Figure 3.2: The LEED patterns on SiC (0001) surface after Hy etching before any further
treatment in the UHV chamber. (a) SiC v/3xy/3 R30° reconstruction is always the dominant
feature of Hy etched samples. A diffuse ring around the third order V3 xv/3R30° spots are
visible at this E-beam energy, E,=169eV. (b) Three fold symmetry /3 x+v/3R30° LEED
pattern, which is the evidence of uniform termination on SiC surface after Hy etching,
E,=197eV.

observable in the AFM images (Fig. 3.1b). These fine structures might relate to the origin
of the diffuse ring around the third-order v/3 x/3R30° LEED diffraction spots (Fig. 3.2a).
Mounting these samples into the UHV chamber, we observed SiC v/3xy/3 R30° reconstruc-
tion LEED patterns before any further treatment in UHV. Some LEED patterns show
clearly 3-fold symmetry instead of typical 6-fold symmetric v/3 xv/3R30° LEED pattern
during the graphitization process (Fig. 3.2b), which can be explained by the termination
situation mentioned in Chapter 1. If a SiC (0001) or (0001) surface is terminated randomly
with different bulk layers, its LEED patterns should have a 6-fold symmetry, therefore the
etched surface should be terminated dominantly by one type of SiC bilayer, which is prob-
ably type A bilayer [1]. According to the study of Starke et al., who used a similar H,
etching process, the etched surface is covered by a silicate monolayer, in the form of SioO3
[1].

The 6H-SiC samples from NASA were also made from a two-inch wafer supplied by
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Cree. Besides Hs etching, NASA performed further chemical treatment to get a flatter sur-
face without terraces. The sample was first lithographically-patterned into mesas typically
100 pm x 100 gym square and 1 to 2 um high (Fig. 3.1¢), which was to prevent the spread
of screw dislocation during heating and the CVD growth. The special screw dislocations in
SiC are called micropipes, which are actually giant screw dislocation bunching up by several
small screw dislocations. Micropipes are the major defect for any SiC wafer growth, and
can disable any devices sitting on them [20, 58]. Mesa regions occupied ~ 75% of the NASA
sample surface. A 1pum-thick overlayer of 6H-SiC was deposited on the patterned surface
by high-temperature chemical vapor deposition (HTCVD) with SiH, and C5Hg precursors.
Prior to growth, samples were etched in-situ in Hy gas at 1600° C. These procedures have

been shown to produce atomically-flat mesas by limiting the spread of micropipes [59, 60].

3.2 Graphitization Process

We studied the graphitization process of 3 sets of SiC samples with different preparations
or different crystalline structures: a) On-axis 6H-SiC samples from NASA, prepared via the
HTCVD treatment described previously. b) On-axis 4H/6H-SiC samples from Cree (vicinal
cut angle less than 0.15°), Hs-etched in our home-built RF furnace, which will be called
“on-axis” samples. c) Off-axis 6H-SiC samples from Cree (vicinal cut angle 3.46°), also
Hs-etched in the RF furnace, which will be called “vicinal” samples.

Prior to acquisition of the data presented here, the NASA samples were subjected to
extra graphitization and oxidization processes in our lab, as compared with other samples.
The as-received NASA sample shows very faint SiC 1x1 LEED pattern with strong diffuse
background and no graphite diffraction spots were detected. A large carbon Auger peak
appears on this surface. The sample was then annealed in UHV at 1400°C for 5 minutes and
subsequently oxidized ex-situ for 15 minutes at 780°C' and atmospheric pressure, in order
to remove excess non-graphitic carbon from the surface, which is possibly from a graphite
sample holder used during the HTCVD growth at NASA.

Before mounting in the UHV chamber, the samples were all ultrasonically cleaned in

successive solutions of acetone and ethanol for 10 minutes each. Sample heating was done by
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Figure 3.3: The schematic drawing of the SiC sample mounting. The sample holder is
made of molybdenum. The hole in the center of the sample holder is drilled for E-beam
bombardment heating. The SiC sample (red rectangle) is mounted over two tantalum sheets
as a bridge. Another two tantalum sheets are spot-welded on top pinching tightly on the
two diagonal corners of the sample.

electron-bombardment of the back side of the sample. The hole of the molybdenum sample
holder is often a little bit bigger than the sample, therefore samples are usually mounted as a
bridge over the two thin tantalum sheets (0.25 mm thick) and held to the sample holder via
two other spot-welded tantalum tabs (Fig. 3.3). Temperature was measured on the corner
of the sample which is on the tantalum sheets but not exposed to the E-beam directly, so
that the emission of the heater filament does not affect the measurement with the optical
pyrometer. The optical pyrometer was calibrated to the melting point of gold in another
UHYV chamber.

It has been demonstrated that heating 4H/6H-SiC(0001) samples in UHV results in
depletion of silicon from the surface, with the development of several reconstructions, cul-
minating in the formation of a thin graphite film [37, 39, 61]. As temperature increases
from 800° C to 1400° C, the silicate layer is first removed since 950° C and typical recon-

structions observed are v/3xv/3 R30°, and 6v/3 x 6/3 R30° at sufficiently high temperature
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[37, 39, 62]. Further annealing to above 1700° C results in multilayer graphite growth on the
(0001) surface and carbon nanocaps or nanotubes on the (0001) surface [40, 41]. A slightly
different series of reconstructions is observed when heating in the presence of a silicon flux
[63—65]. In this case, a silicon-rich 3 x 3 reconstruction phase is always observed, which has
been explained in a dimer adatom stacking fault (DAS) model [63], a modified DAS model
[66], and the twisted reconstruction model [2]. Other phases like SiC 2v/3 x 2v/13 and Si

7X 7 can be obtained by altering annealing temperature and Si flux [21].
3.2.1 SiC v/3xv/3R30° and 3x3 Reconstruction

In the absence of silicon flux, the first phase after oxygen removal is v/3x/3 R30° reconstruc-
tion forming near 1100° C [38, 63]. Well-ordered V3xv/3R30° adatoms could either take Ty
or Hj sites (Fig. 3.4). The T, model means the adatoms occupy the four-fold coordinated
sites above second layer atoms and the Hs model indicates that adatoms sit on the hollow
sites above the fourth layer atoms [21, 63, 64, 67]. The T4 was proposed to be the most
likely positions for a Si rich v/3 xv/3 R30° surface [67]. X-ray diffraction results from Coati
et al. [68] and n-beam RHEED results from Xie et al. [9] are consistent with theoretical
expectations [63, 64, 67] for a Ty adatom model of the reconstruction. Ramachandran et.al
discovered that the filled state and empty state STM images both are localized in the same
spatial area, supporting a silicon adatom model which predicts a Mott-Hubbardtype den-
sity of states [69]. In Sec. 3.5, we know that further annealing of the V3 xv/3R30° surface
to higher temperature will disorder the regular v/3 xv/3 R30° reconstruction and result in
a more complicated reconstruction, where the spacing between adatoms are still close to
the spacing of V3 xv/3R30° reconstruction, but the unit cell should be redefined as SiC
6v/3 x 6y/3 R30° reconstruction (Sec. 3.5). Both T; and Hj positions can be occupied by
adatoms in the SiC 6y/3 x 6v/3R30° reconstruction layer between graphene films and SiC
substrates (See Fig. 3.18b).

With a Si flux, the evaporation process of Si atoms can be better controlled. A 3x3
reconstruction are always observable phase with a Si flux, which is from a Si adlayer on the

top of the terminal SiC bilayer resulting a Dimer Adatom Stacking (DAS) fault analogous
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Figure 3.4: Top and side views Si adatom model of the V3 xv3R30° reconstruction for T}
and Hs positions. This figure is after Ref. [9)].

to the silicon 7x 7 reconstructions [2, 63].
3.2.2 SiC 6/3x6y/3R30° and the Conventional Explanations

A 6/3 x 6/3R30° LEED pattern is always observed in the evolution from V3 xv/3R30°
reconstruction to graphite 1x 1 reconstruction on SiC(0001) surface. The interpretation
of the 6v/3 x 6/3R30° SiC LEED pattern is still controversial due to its complexity. Van
Bommel et al. first proposed the explanation of SiC 6v/3 x 6v/3 R30° reconstruction LEED
pattern with double scattering, which assumes monocrystalline graphite growth directly on

the SiC(0001) surface [37, 39]. Instead of using double scattering, Owman et al. suggested
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that a mixture of v/3x/3 R30°, 2.1x2.1 R30°, 5.3x5.3, 6.2x6.2 reconstructions forming before
the initial growth of the graphene layer is the origin of 6v/3 x 6y/3 R30° LEED pattern [61].
Our results support the reconstruction explanation, but the reconstruction we construct to
explain the 6v/3 x 6v/3R30° LEED pattern is different from Owman’s proposal. We believe
the structure factor of a 6v/3x6y/3 R30° reconstruction layer between graphite films and SiC
is the main reason for the SiC 6v/3 x 6,/3 R30° LEED pattern.

Details of the formation of the initial graphite layer are also controversial. Subsequent
scanning tunneling microscopy (STM) measurements [61, 70, 71] showed that the graphite
surface is modulated with a period that can be characterized as 6x6 relative to the underlying
SiC (but note that the graphite modulation can be commensurate with the SiC lattice
only over the 6v/3 x 6v/3R30° unit cell). The 6 x 6 superstructure from STM has three
interpretations: 1) It is a Moiré pattern of incommensurate graphite monolayer on the
perturbed substrate grown on the SiC(0001) surface, which was explained with the first
principles pseudofunction (PSF) model by Tsai et al. [70]. 2) It is an intrinsic substrate
reconstruction [61, 71]. 3) It is from the carbon nanomesh structure, which was identified
by Chen et al. through comparing the DFT calculation and the STM images on SiC(0001)
surface [72].

Whether the initial graphite layer constructs directly on SiC substrate or a transition in-
terface exists between the graphene and SiC substrate is still unclear. Evidences from other
research groups show that V3 xv/3R30° Si-adatom reconstruction remains after formation
of the first graphite layer. Simon et al. proposed a correlation between the v/3 xv/3 R30°
and the 6v/3x6y/3 R30° reconstructions based on x-ray photoelectron diffraction (XPD) and
concluded that the first commensurable graphite layer should form on the v/3 xv/3 R30°
Si adatom layer [73]. Forbeaux et al., using k-resolved inverse photoelectron spectroscopy
(KRIPES) experiments, also suggest that the growth of the first graphene sheet may be on
top of adatoms characteristic of the V3 xv/3R30° reconstruction [39]. Out atomic resolved
STM image on the surface with one layer of graphene initially forming reveals that a inter-
facial layer with SiC 6y/3 x 6y/3 R30° geometry does exist (Sec. 3.5), which coincides with

the suggestions of Forbeaux and Simon, since the spacing of adatoms in the 6v/3x6y/3 R30°
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is very close to the V3 xv/3R30° structure.

3.3 Graphite Thickness Estimation with Auger Peak-To-
Peak Ratio

Graphite film properties, such as surface conductivity, magnetoresistance, and carrier mo-
bility, are strongly related to the thickness of graphite films. We estimate the graphite
thickness on SiC(0001) through the Auger peak-to-peak ratio between silicon (LVV) and
carbon (KLL). This method can give us a quantitative idea about the average graphite film

thickness within the Auger electron beam area.
3.3.1 Auger Attenuation Model

If we assume at the Auger peak in the N(F) curve is Gaussian, then the peak-to-peak
ratio in the dN(E)/dE spectrum is proportional to the emission current of Auger electrons
[45]. Thus a measurement of the Si:C intensity ratio allows us to estimate the thickness of
the graphite film, using the inelastic mean free paths (IMFP) of electrons in graphite and
SiC with energy of 92eV, 271eV and 3keV [74-76], we can calculate the attenuation of
electrons at each atom layer on graphitized SiC and therefore the thickness dependence of
Si (KLL) to C (LVV) Auger intensities. We assumed three different possible graphitized
surfaces: 1) A single layer of 6y/3 x 6//3 R30° reconstruction with Si adatoms between the
graphite film and SiC, 2) the same layering but with C adatoms in the reconstruction layer,
and 3) a graphite film grown directly on the bulk terminated Si-face of SiC. Fig. 3.5 shows
a schematic of the model.

Two parameters are considered in our attenuation model,

a.) Mean Free Path A. The inelastic mean free paths of different Auger electrons are
obtained from references [74-76]. Since we consider the attenuation by layers of atoms, we
converted the IMFP unit to number of layers in Table 3.1.

b.) CMA angle. For our instrument, the angle between the normal of the sample surface
and the direction of outgoing Auger electrons that can be collected by the CMA is 42.2°.
This lengthens the outgoing electron path by 1/ cos (42.2°) in the sample. Equivalently, we

can consider the IMFP to be shorter by a factor cos (42.2°), which is already considered in

35



Table 3.1: Mean free paths of electrons at different layers.

‘ Cases ‘ Symbols ‘ Number of layers Descriptions ‘
1 A3kv,G 19.42 IMFP of 3 keV electrons in Graphite layers
2 3KV, Si 29.3 IMFP of 3 keV electrons in Silicon layers of SiC
3 Askv.C 58.30 IMFP of 3 keV electrons in carbon layers of SiC
4 Ao2v,c 2.079 IMFP of 92 eV electrons in Graphite layers
5 92V, 5i 2.794 IMFP of 92 eV electrons in Silicon layers of SiC
6 Ao2v.C 6.238 IMFEP of 92 eV electrons in carbon layers of SiC
7 Aarav.c 4.230 IMFEP of 272 eV electrons in Graphite
8 A272V.Si 6.322 IMEP of 272 eV electrons in Silicon layers of SiC
9 Aorov.C 12.69 IMEP of 272 eV electrons in carbon layers of SiC
Table 3.1.

3.3.2 Auger Peak-to-peak Ratio Calculation

Here, in order to simplify the expression, we use the attenuation factor « in each monolayer
to replace IMPF and let o = 1/\. The attenuation of the incident E-beam and outgoing
Auger electron depends on the atom types and densities in each layer. If there are n graphite
ML layers growth on the surface and the carbon Auger electron current from top graphite

(1st) layer is Ig.1, we know that the Auger current from the “mth” layer graphite is

Igm = Ig1exp[(—m)(asrv,c + coniv,a)] (3.1)

therefore the overall carbon auger current from n layers graphite is

n
1 —exp[(—n) X (aspv,g + a272v,G)]
Icarbor} _ IG — ) ) 3.9
ree mzl " 1= exp(—1) x (aspv,c + 02m2v6)] 32

In a typical quantitative analysis for a homogeneous mixture AB, the component mole

fractions and Auger current are related:

I4/19
s

A 3.3
B Ig/I% (8:3)

where z4 and xp are the mole fraction of each components, F fB is the Auger electron

backscattering matrix factor, and IE‘ and I% are the relative elemental sensitivity factors
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Schematic of Auger Attenuation

Auger electron beam
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Figure 3.5: The schematic drawing of the Auger attenuation model on graphitized SiC(0001)
surface. The atom number on each layer is drawn to be proportional to real number of atoms
on each layer. The reconstruction layer can be all carbon or silicon atoms, or a mixture
of them. The sum of the attenuation factors of Si and C are calculated with the Matlab
code. The attenuation induced by both incident E-beam and outgoing Auger electron beam
is considered. The incident beam is normal to the surface and the CMA Auger electron
collecting angle is 42.2° from the normal of the surface, therefore an extra angle factor
cos(42.2°) is considered for the IMFP in Tab. 3.1.
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of A and B [45]. When considering layer by layer stacking model on SiC(0001) surface,
equation 3.3 still hold by considering the attenuation of electron beams on each layer.

Our STM results indicate that at least one SiC 6v/3x6v/3 R30° reconstruction layer exists
between graphite film and SiC substrate. The components of this layer can be either all Si or
all C atoms , or a mixture of both. Therefore the calculation of three cases was conducted:
I) The graphite films are grown directly on the Si-face of SiC, i.e. no reconstruction layer
between the top layer of SiC and the bottom layer of graphite. II) One 6y/3 x 6v/3 R30°
layer of silicon atoms exist between graphite films and he Si-face of SiC. III) One layer
6v/3 x 6v/3R30° carbon atoms exist between graphite films and the Si-face of SiC.

For case I, we suppose there are still n graphite ML layers growth on the surface and
the carbon Auger electron current from top graphite (1st) layer is still ;. Therefore the
silicon Auger electron current from top silicon (1st) layer in SiC is

19, Tg; 1
Isin = Ig x exp|(—n)(azv.e + %2,6‘”% : FSi
c Te I'sia

(3.4)

where the mole fraction ratio between one layer Si in SiC bulk and one layer graphite is
1:3.1 and the sensitivity factor ratio between Si and C is IJ,/I2 = 3.5/2. The factor FgZ’G
is (14 rg)/(1 +rc) = 1.2, where rg; and r¢ are the backscattering terms [45]. we know

that the Auger current from the “mth” Si layer in SiC is

Isim = Isin x exp[(1 — m)(askpv,si + Q92ev,5i + Q3kv,c + Q92ev,0)] (3.5)

therefore the overall Si Auger current from SiC bulk is as follows:

oo
o 1
Isz‘lzcon —_ Igim = Igi1 % 3.6
sic mZ:1 o " 1 —exp((—1) X (aspv.si + aspv.o + agovsi + Qoavc)] (3.6)
Likewise, the Auger electron current from the first carbon layer in SiC is
Ig zo 1
Ic1 = Iy x exp[(—n)(askv,e + Qo2.6) — Qskv,si — 0272ev,Cl 75— o0 (3.7)
I¢ 26 Fg

where the mole fraction ratio between one layer of C in SiC bulk and one graphene is 1:3.1.
The sensitivity ratio and the factor Fg ¢ are both 1. Therefore we know that the Auger

current from the “mth” C layer in SiC is
Icm = Ic1 x exp[(1 — m)(asgy,si + Qor2ev,si + 3kv.c + Q272ev,0)] (3.8)
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therefore the overall C auger current from SiC bulk is as follows:

o0
1
Icqrbon — Iogm =I0q % 3.9
sie mz::l . " 1 —exp[(—1) x (azkv,si + askv,c + Qo2v,si + Qo2v,0)] (3.9)
The final Si:C Auger peak-to-peak ratio we obtained in the Auger spectroscopy is
Isi'licon
Si:C = IcarbonSlC Icarbon (310)
graphite + SiC

For case II, the situation in graphite layers does not change. The atom density of
the interface layer is about 1/3 of that one SiC atom layer, since the atom density of the
interfacial layer is close to the atom density of one SiC V3xv3R30° layer. So the IMFP of
this interfacial layer is 3 times of that of one layer Si atoms in SiC.

We still suppose there are n layer graphite on top and the carbon Auger electron current
from top graphite (1st) layer is still I ;. Therefore, the contribution from one layer 6v/3 x

6v/3 R30° interface layer with only Si atoms is,

. 1 I9 xg; 1

1 o S LS
interface = 3 % 1c,1 x expl(=n)(aszrv.c + ag2.6)] 7" oy
C Si,G

(3.11)

Considering attenuation of this reconstruction layer, the Auger current contribution from

top silicon layer of SiC bulk is modified as follow,

% xg; 1
Isip = Ig x exp[(—n)(aspv.a + 092,6) — Q3kv,si/3 — 092,56/3] L = — (3.12)
I¢ e Fgi g
Likewise, the Auger electron current from the first carbon layer is
4 Rac 1
Icq = Ig X exp[(—n)(asgpyv.c + a92,c) — = X (a3kv.8i + Q272¢v,95)] —— (3.13)

3 I xq FS,

The Auger current equations from all the Si layers and the carbon layers in SiC bulk still
follows Equ. 3.6 and Equ. 3.9.

The final Si:C Auger peak-to-peak ratio we obtained in the Auger spectroscopy is

silicon silicon

IS'iC’ + Iinterface (3 14)

Icarbon + Iczzrbon :
graphite SiC

Si:C =

In case III, we only need to replace the attenuation factor of Si for the interface layer in
case Il with the corresponding attenuation factor of C for the interface layer, then we can

get the Si and C Auger peak intensity ratio as in Case II.
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Figure 3.6: Graphite film thickness estimation and Auger evolution of annealing SiC(0001)
in UHV. The solid line represents the estimation with the model that one layer carbon 6y/3x
6v/3 R30° atoms exist between graphite films and the Si-face of SiC (note: the attenuation
of the 6v/3x6v/3 R30° layer is the same to a V3x/3 R30° layer). The dash line represents the
estimation with the model that the graphite films are grown directly on the Si-face of SiC,
i.e. no reconstruction layer between the top layer of SiC and the bottom layer of graphite.
The dotted line represents the estimation with the model that one layer silicon 6v/3 x
6v/3 R30° atoms exist between graphite films and the Si-face of SiC. The solid line represents
the estimation with the model that one layer carbon 6v/3 x 6v/3 R30° atoms exist between
graphite films and the Si-face of SiC. The inlet figure show Auger curves corresponding
to different SiC(0001) surface reconstructions when annealing SiC in UHV. (a) SiC(0001)
surface after Hy etching. (b) SiC(0001) surface annealed up to 1150° C with SiC v/3x/3 R30°
reconstruction on surface. (c¢) Graphitized SiC(0001) surface annealed up to 1350° C with
SiC 6v/3 x 6v/3 R30° reconstruction on surface.
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The calculation following the formulas above was conducted with Matlab. Correspond-
ing to the three cases, three curves with relative Auger intensities versus the number of
graphene layers are shown in Fig. 3.6. The Auger curves evolution taken from Hjy etched
SiC(0001) surface to the graphitized SiC surfaces is included in the inset of Fig. 3.6, from
which we can see the growth of graphitic Auger peaks and decreasing of the Si Auger peaks
with increasing annealing temperature.

We assume the thickness of the graphite films on surface is uniform in this calculation.
However, STM images show that the thickness varies from domain to domain on the graphi-
tized surface (Fig. 3.11a). According to the simulation, we can not track films thicker than
6 layers, since the relative Auger peak height ratio is less than 1% in that case, so it is hard
to estimate the thickness of graphite films on the C-face of SiC, which often involves 8 ~ 30

graphene layers.

3.4 On-axis SiC Samples
3.4.1 LEED Results and Discussion

The evolution of the LEED patterns in the graphitization process was studied by increasing
annealing temperature from 1000°C' gradually to 1450°C' through 27 annealing cycles on a
NASA sample. Auger electron spectra (AES) and LEED patterns were recorded for each
annealing cycle. Numerous LEED experiments carried out with other sets of SiC samples
proved that every LEED pattern phase evolution from SiC 1x 1 to graphite 1x1 can be
reproduced. The temperature is the dominant factor determining the thickness of graphite
films. The exact LEED pattern can be reproduced on the (0001) faces of any SiC sample
by monitoring the annealing temperature and time.

When the sample is annealed at 1100°C' for 3 minutes, the first LEED patterns on the
NASA sample transit from disordered oxidized surface to SiC V3 xv/3R30° reconstruction.
At this phase, oxygen on surface is totally removed. For other Hs etched samples, the
surface transition at this temperature is from a SiC V3 xv/3R30° pattern with strong
diffuse (Fig. 3.2) to sharp SiC v/3xv/3R30° spots (Fig. 3.7a) without diffuse. As described

in previous text, the v/3xv/3R30° pattern after Hy etching is from the silicate layer, which
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Graphite

Figure 3.7: The evolution of the LEED patterns on SiC(0001) surface. (a) SiC v/3 x v/3R30°
E,=180¢eV. The first phase acquired after annealing in UHV above 1100 ° C. (b) Monolayer
graphite on SiC(0001), 6v/3 X 6\/§R300, E,=49eV. The V3 xv/3R30° spots are labeled
with R3 in the figure and coexist with the 6v/3x6v/3 R30° spots at this phase. (c) Monolayer
graphite on SiC(0001), 6v/3 x 6v/3R30°, E,=109eV. The diffraction spots show that the
graphene sheets register epitaxially with the underlying SiC(0001) surface and have 30°
rotation. (d) Thick graphite on SiC(0001), graphite 1 x 1. Graphite spots with their
satellites are observable. SiC spots are very weak. F,=78¢eV.
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Figure 3.8: Expanded view of the lower-left corner of Fig. 3.7d. Arrow A points to the
graphite diffraction spot and arrow B points at a V3 xv/3R30° spot. The fine diffraction
pattern around the 4th-order V3 xv/3R30° is visible.
will presents an oxygen Auger peak, while the v/3xyv/3 R30° pattern after annealing is from
Si adatoms on Ty or Hj sites and has no associated oxygen Auger peak (Fig. 3.6). This
V3 xv/3R30° pattern turns into a SiC 1x 1 pattern after the sample is kept in the UHV
chamber for more than 16 hours. The Si-rich 3x3 phase was not observed in this work, since
no external Si deposition source was employed. When the sample was annealed to 1200°C),
the graphite integer-order LEED spots developed, as well as many other spots falling on the
6v/3 x 6v/3R30° reciprocal mesh. The well-defined LEED patterns in Figs. 3.7b and 3.7c
provide a good overview of the 6v/3 % 6v/3 R30° diffraction spots (see also Fig. 3.9). At the
stage where v/3 xv/3R30° and 6v/3 x 6v/3R30° diffraction spots coexist, many fine LEED
structures are useful for finding the origins of these diffraction spots (Fig. 3.8). When the
sample was annealed up to 1450°C, we observed LEED patterns dominated by graphite
1x1 spots which are still surrounded by weak 6 x 6 satellites, as shown in Fig. 3.7d.
Another on-axis sample prepared with the typical Hs etching method was annealed in

the UHV chamber at 1250° C for 3 mins (Fig. 3.9). A 6y/3x6/3R30° LEED pattern with
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maximum number of diffraction spots are obtained at this phase. The Auger Si and C peak-
to-peak ratio is about the 1:3, which means that on average one monolayer graphene develop
on the surface according our Auger model. At this phase, the v/3 xv/3R30° diffractions
spots are already extinguished, comparing with Fig. 3.7b, in which figure v/3 xv/3 R30°
spots coexist with 6v/3 x 6v/3 R30° spots. A distinct feature of the LEED pattern is three
bright 6v/3x6v/3 R30° spots around the first-order v/3xyv/3R30° position. These spots exist
until the graphite thickness exceeds 5 layers, at essentially the same thickness, the SiC
primary spots also extinguish. We believe this 6v/3 x 6/3 R30° LEED pattern is due to the
kinematic scattering from a reconstructed layer between graphite and the SiC substrate.
These 6v/3 x 6/3R30° diffraction spots never appear in the C-face graphene growth. The
evidence for a 6v/3x6v/3 R30° reconstructed interfacial layer will be discussed thoroughly in

Sec. 3.5.
3.4.2 STM Results and Discussion

As mentioned in Chap. 1, most STM images of graphite do not have honeycomb structures
but hexagon structures with unit cell length of 2.46 A. Differences in the local density of
states (LDOS) occur as a consequence of the carbon site asymmetry for A, B atoms and
the interlayer interactions [29]. Tomanek et al. observed the asymmetry of graphite with
STM and found that the STM tunneling current on B atoms is relatively much larger when
the tip bias is low. This A, B asymmetry decreases when the bias increases [77]. Both
Honeycomb (Fig. 5.5b) and hexagon structures (Fig. 3.11b) are observed in our STM on
graphitized SiC, which will be presented in the following text.

Another significant feature of STM images on HOPG is that “giant” graphite hexag-
onal symmetry with different lattice constants is always observable [29, 78]. Xhie et.al
attribute the giant hexagonal structures to the Moire patterns due to the misorientation of
the graphite top layer [78]. Tersoff attributes the large corrugations to linear E-k dispersion
and Dirac points of the top graphene layer [79]. Another theory indicates that interac-
tion between STM tip and soft graphite surface affects the graphite giant superstructures

[80]. Graphite films grown on SiC always present SiC 6 X 6 corrugation, but not other
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Figure 3.9: The SiC 6v/3 x 6/3R30° reconstruction LEED patterns of monolayer graphene
growth on the SiC(0001) surface. At this phase, the LEED pattern exhibits maximum
number diffraction spots, which was traditionally regarded as the consequence of double
scattering. However our results show that it is more related to a 6v/3 x 6v/3 R30° recon-
struction layer between graphite and SiC. Additionally, v/3 xv/3R30° spots are already
extinguished, which is a sign we often assume as the beginning of the initial graphene layer
growth. (a) The pattern around v/3 xv/3R30° {01} diffraction spots. Graphite diffraction
spots are out of LEED phosphor scree at this E-beam energy. Three red arrows point at 3
“A3” spots, which are obvious much brighter than other non-primary SiC spots, E,=41¢V.
(b) A higher energy photo for the pattern around SiC {01} and graphite {01}. A spot
outside SiC almost has the equivalent intensity of SiC spots. The origin of this spot is not
clear and we tend to think it is a also 6v/3x6v/3 R30° structure factor effect, £,=95eV. (c)
Higher order diffraction spots, many of which can be reproduced by the kinematic scatter-
ing model, E,=212€V. (d) LEED pattern around (00) spots obtained by titled sample 12°,
E,=49¢eV.
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size superstructure, therefore the mechanism of the corrugation is different from the above
interpretations for HOPG samples. Tsai et. al proposed the disturbance of silicon dangling-
bond states model in 1992 [70]. However, further STM studies show that the graphene is
not constructed over SiC directly, but over reconstruction layers [61]. Our STM results
also prove the existence of the reconstruction layers, but should be explained with different
reconstruction structure. The STM on graphite films grown on the C-face of SiC do not

have any ordered “giant” corrugation, in either thin or thick graphite film phases.
3.4.2.1 Moiré Pattern

Graphite films grown on the SiC(0001) surface always show a constant SiC 6x6 corrugation
(Fig. 3.13b & 3.11a) instead of “giant” superstructures in different sizes on HOPG [78].
One explanation of this SiC 6 x 6 corrugation is the Moiré pattern theory. Figure 3.10 is
a schematic SiC 6 x 6 Moiré pattern by overlapping one layer atoms of graphene (red) over
one layer of Si atoms of the SiC substrate (blue). Since the graphene layer has higher atom
density, the SiC atoms are plotted on top for clarity. Although the unit cell of the lattices
should still be defined to be 6v/3x6y/3 R30° as the large black rhombus indicates in Fig. 3.10,
the periodicity of the lattice coincidence is SiC 6 x 6. Since we have known the graphite
films are constructed on a SiC 6v/3x6y/3R30° layer with SiC 6x6 periodic corrugation, we
believe the graphite corrugation is due to its interaction with this reconstruction layer. The
satellites of graphite and STM/STS results (Sec. 3.5) prove that the corrugation of graphite
substantially exists by not completely from the dangling bonds of silicon underneath as Tsai

et. al proposed [70].
8.4.2.2 STM Results on Thick Graphite Films

Corresponding to the LEED pattern of Fig, 3.7d, a STM image from the NASA sample is
acquired in Fig. 3.11a. The image was taken after the sample was annealed for the first 24
cycles as described in Sec. 3.4.1. The parameters used for the final annealing before STM
was a 8 mins E-beam heating at 1400° C in UHV. The Auger ratio shows that the thickness
of graphite is 3 to 4 layers. In contrast to the monolayer graphene growth on SiC, we call

graphite films with more than 3 layers “thick” films. The image reveals a distinct 6 X6
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Figure 3.10: The SiC 6 x 6 Moiré pattern formed by putting one layer of graphene atoms
(in red) on one layer of SiC atoms (in blue). The axis units are angstroms. The periodicity
follows SiC 6v/3 x 6v/3 R30° reconstruction due to the geometric relationship between the
lattice constants of SiC and graphite that 6v/3dgic = 13GGraphite- The unit cell of graphite
rotates 30° relatively to the SiC substrate unit cell. The 6v/3x6v/3 R30° unit cell is depicted
as the big black rhombus and the SiC unitcell is presented by the small black rhombus.
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Figure 3.11: A STM image and its STS spectra of more than three graphene layers on
SiC(0001) surface of a NASA sample. (a) STM image of a surface region of the graphitized
SiC(0001) surface. Three domains in the figure all show SiC 6 x 6 corrugation. The tip
voltages was —0.6 V. The constant tunneling current was 100 pA (b) dI/dV spectra (log
scale) acquired from upper and lower regions marked with corresponding color line in the
image at top. The black line is an average of 396 spectra at different positions, the red
line an average of 105. With a few “glitchy” exceptions, individual spectra in each region
showed negligible variation from the average dI/dV shown. Inset: Atomically resolved
region (different sample, similar preparation). (c¢) dI/dV spectra comparatione between the
upper region and its boundary. Almost overlapping curves indicate that the graphite is
continuous over the domain boundaries.
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corrugation of the overlayer and a raised region along a step on the surface. Thick graphite
corrugation will be further discussed in Sec. 3.5. LEED results confirm that the graphene
sheets register epitaxially with the underlying SiC, as shown in Fig. 3.7. The mean height
difference between terraces (0.25 nm), indicates that the step in Fig. 3.11a is a bilayer step
in the SiC substrate. Terrace sizes (corresponding to a single 6 x 6 domain) are found by
STM to be up to several hundred nanometers in extent. Preliminary high resolution LEED
studies indicate that the graphene layers are strained in-plane by 0.3-0.5%, with a mean
structural coherence length of greater than 20 nm [11].

Also shown in Fig. 3.11b are derivative tunneling spectra (dI/dV vs V) acquired within
the respective dotted regions with different colors. The dI/dV spectrum obtained from the
lower terrace (black line) is similar to that of a zero-gap semiconductor, as found typically
for bulk graphite. On the upper terrace, the 6x6 domain images somewhat differently, and
the dI/dV spectrum (red line) displays a region of constant, finite conductance around the
Fermi energy (zero bias). Spectral shapes are very uniform within each 6x6 domain. The
dI/dV curves show that the electronic properties of the films are not entirely homogeneous.
This may relate to differing lateral registry (i.e., not orientational) of the graphite on the
SiC substrate, or electron confinement within 6 x 6 domains. dI/dV spectra acquired over
the buckled region at the step edge are nearly identical to those found on the upper terrace
(Figure 3.11c), suggesting that the graphite layer remains continuous over the step [11].
Some surfaces on this NASA sample have vacancy defects on ordered SiC 6 x 6 corruga-
tion(Fig. 3.12). It is still not clear whether graphite films on these defects are completed or

not.
3.4.2.8 STM on Monolayer Graphene

Another 6H-SiC on-axis sample was prepared with typical Hs etching method and annealed
in the UHV chamber at 1250° C for 3 mins. The corresponding LEED is in Fig. 3.9 and the
Si and C Auger peak-to-peak ratio show that the graphite thickness is about one monolayer.
Corresponding STM images are presented in Figs. 3.13, 3.14a, 3.15a & b, and 3.16a. At this

phase, the surface exhibits several sorts of topographies (Fig. 3.13a). From Fig. 3.13b, we
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Figure 3.12: STM images of some graphitized area on the same NASA sample show vacancy
defects of 6 x 6 structure. It is still not clear whether graphite films on these defects are
completed or not. The tip voltages of both figures were —2.0V. The constant tunneling
current was 200 pA.

can see most of the surface is occupied by ordered SiC 6x6 (18.54 x 18.5A4) structure. Other
disordered regions might relate to the growth of a new graphene layer or other graphene
patches in the same layer (Fig. 3.13b). The atomic resolved image of Fig. 3.14a is a zoom
in from the ordered 6x6 corrugation region in Fig. 3.13b. Fourier transform analysis of this
image gives evidence of the 6v/3 x 6v/3R30° reconstruction and will be further discussed in
Sec. 3.5.

Figure 3.15 are dual-bias images that were also taken from a region of the ordered
6 x 6 region in Fig. 3.13b. The filled states and empty states are obviously different on the
triangle shaped protrusion as pointed out by arrow A in Fig. 3.15, which might relate to the
dangling bonds of the atoms on top. The Fourier-filtered image (Fig. 3.15¢) of the negative
bias scanning and its complementary Fourier-filtered image (Fig. 3.15d) reveals the origin
of the features on the interfacial layer. Figure 3.15c is obtained by selecting the Fourier
mask of Fig. 3.15f and displays a 6v/3x6y/3 R30° structure similar to the one in figure 3.14b.
The Fourier filtered image with the anti-mask exhibits features on the surface other than
6v/3 x 6v/3 R30° periodicity, such as corner-hole defects as pointed by arrow B.

Figure 3.16b displays derivative tunneling spectra (dI/dV vs V) acquired within the
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Figure 3.13: STM images of monolayer graphene on SiC(0001). The tip voltage were —1.0V
for the top image and —0.8 V for the bottom image. The constant tunneling current for
both scanning was 100 pA. The 6 x 6 corrugation is clear in the bottom figure. Disordered
domains, which might be related to the growth of new graphite layer, are also visible in

both figures.
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Figure 3.14: Fourier analysis on a STM image of monolayer graphene on SiC(0001)surface.
The STM image and the inverse Fourier transform is on the top and the corresponding
Fourier transforms on the bottom (a) The original STM image obtained from the center 6x6
ordered region of Fig. 3.13b. The tip voltage was —0.8 V and the constant tunneling current
was 100 pA. (b) Inverse Fourier transform with selecting the region around V3 xv/3R30°
spots and the region around 6x6 spots the Fourier transform spectrum of the STM image.
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Figure 3.15: STM images of monolayer graphene film on SiC(0001) with different tip bias
taken simultaneously. The sample was annealed in UHV at 1250° C for 3 mins. (a) Fill
states image. The tip voltage was 0.6 V. (b) Empty state image. The tip bias is —0.6 V.
The constant tunneling current was both 100pA. (c) Fourier filtered image of the negative
bias STM image by selecting the mask used in (f). (d) Fourier filtered image of the negative
bias STM image by selecting the complementary mask of (f). (e) Fourier transform of the
original STM image. (f) Fourier transform with a Fourier filter to suppress the spectrum
not related to the feature LEED pattern.

53



1.0

didV (nA/V)

e
o

0.2 0.4

0.4 0.2 0.0
Sample Bias (V)

Figure 3.16: A STM image and its STS spectra of of monolayer graphene on the SiC(0001)
surface. (a) STM image of a surface region of the graphitized SiC(0001) surface, which is also
from the center part of Fig. 3.13b. Two major domains are clear on this image. The higher
domain is a disordered region, which could be the initial growth layer of the next graphene
film, since the height between the two terrace is about 3.34, about the distance between
two adjacent graphite layers. the lower domain on the right is the ordered 6v/3 x 6v/3 R30°
region. (b) dI/dV spectra (log scale) acquired from disordered and ordered regions marked
with corresponding color line in the image at top. Individual spectra in each region showed
negligible variation from the average dI/dV shown. On the right ordered region, the dI1/dV
spectrum (black solid line) indicates a zero-gap semiconductor feature spectrum, which is
from a graphene layer on top of the 6v/3 x 6y/3 R30° interface layer. On the left disordered
terrace, the dI/dV spectrum (red solid line) also displays a zero-gap semiconductor feature
spectrum but with a 30meV around shift to the filled state energies. The bump at the
—0.2V sample bias probably indicates some dangling bond states in the disordered region.
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respectively-colored lines in Fig. 3.16a. The dI/dV spectrum obtained from the lower or-
dered 6v/3 x 6/3R30° terrace (black solid line) is similar to that of bulk graphite with
minimum at almost zero bias. On the upper terrace, the dI/dV spectrum (red solid line)
of an higher disordered region also displays a zero-gap semiconductor feature spectrum but
with a 30 meV around shift to the filled state energies. This disordered region could be the
initial growth layer of the next graphene film, since the height between the two terrace is
about 3.34, about the distance between two adjacent graphite layers. The bump on the
negative -0.2 eV sample bias of the spectrum probably indicates some local empty states in

the disordered region.

3.5 Interpretation of LEED Patterns and STM Images
3.5.1 SiC, Graphite & Double Scattering Spots

The unit cell edge length of graphite agrapnite = 2.46A and the SiC lattice constant ag;c =
3.08A have the relation of 13agraphite = 6v/3agic, so when the graphite basis vectors rotate
30° with respect to the SiC substrate basis vectors, a superlattice with a period of 6v/3agic
forms between the graphite layer and the SiC substrate (Fig. 3.10). This is the 6y/3x6y/3 R30°
reconstruction on the SiC(0001) surface [37, 81]. Accordingly, the double-scattering model
became the first explanation of 6v/3x6y/3 R30° LEED pattern [37] and was accepted widely.
Following the double scattering theory [82], all the 2-D LEED double scattering spots fall
on the 6v/3x6v/3R30° reciprocal mesh and can be expressed by the sum of SiC and graphite
reciprocal primitive vectors, i.e. G = kS, + 155 + mCy + nCs (k, I, m, n all integers). The
higher the index numbers are, the weaker the diffracted intensity is. However, some features
of the observed 6v/3 x 6/3R30° LEED pattern conflict with the double scattering model.
Several 6v/3x6y/3 R30° diffraction spots can be seen earlier than the graphite diffraction spots
during an escalating heating process. Some high-index double-scattering spots are much
brighter than should be expected. Another fact that should be noted is that no double-
scattering spots are observed during the graphitization process on C-face of SiC, even for
very thin graphite layer when both graphite LEED diffraction rings and SiC diffraction

spots coexist.
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3.5.2 6V/3x6V/3R30° Reconstruction Layer

The major visible diffraction spots in SiC 6v/3x6y/3 R30° LEED pattern are all illustrated
in a schematic plot (Fig. 3.17). Different sorts of diffraction spots are denoted by different
symbols (Fig. 3.17). Symbol sizes roughly illustrate relative intensities. The LEED patterns
of all these spots are clearly observed in the mono-graphene phase (Fig. 3.7 b & ¢ and
Fig. 3.9). For our LEED system, the zero order diffraction pattern (00) can be observed by
tilting the sample at more than 10° (Fig. 3.9d).

In our LEED experiments, v/3xv/3R30° spots are observed when the SiC samples were
heated up to 1100° C (Fig. 3.7b) and disappeared after annealing over 1250°C' (Fig. 3.9).
The v/3 xv/3R30° and 6v/3 x 6v/3R30° coexist at the early formation of 6v/3 x 6v/3 R30°
(Fig. 3.7 b & c). The LEED pattern around first-order v/3 xv/3R30° diffraction spots at
this phase is a key to understanding the LEED pattern. The traditional double scattering
model [37] and the mixed reconstruction model [61] give different explanations for these
spots. For the double scattering model, one set of three spots closest to the first order
V3 xv/3R30° are regarded as double scattering spots with low index values. These spots
are labeled as “A3” spots in Fig. 3.17. Owman et al. attributed the source of the A3
LEED spots to a mixture of 6.2x6.2 and 2.1 x2.1 R30° reconstructions. In our escalating
temperature annealing experiments, we found that the A3 spots appear before the formation
of any graphite diffraction spots, therefore they are not from double scattering initially. We
did not see 6.2x6.2 and 2.1x2.1 R30° reconstructions from our STM images. We did not see
any other LEED spots than A3 following these two reconstructions proposed by Owman et
al. either. Therefore we think these reconstructions are not dominant features of the surface
and are not the origin of the “A3” diffraction spots. In our LEED pattern, A3 spots are
usually brightest among other 6v/3x6y/3 R30° spots for most E-beam energies (Fig. 3.9) and
even visible when graphite films are thick (Fig. 3.7d), which means that the A3 spots are
very likely from a persistent reconstruction layer. The corresponding STM images provide
strong support to this conclusion, and indicate that the reconstructed layer exist at the
interface between SiC and graphite.

Annealing the sample in UHV at 1250° C for 3 min. produces monolayer graphite on
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Figure 3.17: Schematic plot of the LEED pattern that thin graphite growth on the SiC(0001)
surface. Diffraction spots are categorized according to their sources. The sizes of the spots
are drawn according to their LEED intensities.
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SiC substrate as estimated via Auger intensities. Although the large scans (Fig. 3.13b)
show the ordered surface corrugation following SiC 6 x 6 geometry, the real reconstruction
should still be defined as 6v/3x6v/3 R30° reconstruction (Fig. 3.18b) according to the atomic
resolution STM image (Fig. 3.14a) obtained on the center ordered region of (Fig. 3.13b).
The distinct graphite LEED diffraction spots also support the existence of a graphite film.
Recent low temperature STM results from NIST on the sample that was prepared in our
UHV chamber under the same condition resolved both interfacial layer and the graphene
layer on top [56]. We believe that instead of resolving the top graphene layer, at the bias
voltages typically chosen, the STM images features due to atoms at the interface between
the first graphene layer and the SiC substrate. The situation that STM current tunneling
through one graphene layer and resolving the interface was also found by Charrier et al.
[71]. STM images with atomic resolution of graphite atoms over SiC 6x6 corrugation were
obtained by other STM experiments [11, 38, 83].

Since all the LEED diffraction spots follow SiC 6v/3x6v/3 R30° reciprocal mesh, according
to the kinematic scattering model, the interfacial layer should have a SiC 6v/3 x 6v/3 R30°
unit cell. However, it is extremely difficult to determine the exact unit cell of such a
large reconstruction. Using Fourier transform on LEED patterns to reproduce the atom
reconstructions leads to “phase” problem, since no phase information is recorded by LEED
patterns and they only reflect the integral results of all the diffractions. Thus, we applied
Fourier transform on the atom-resolved STM image of the interfacial layer (Fig. 3.14)a.
Comparing the Fourier transform image with LEED patterns, we find the distinct spots in
the Fourier transform image (Fig. 3.14c¢) coincides with the A3 diffraction spots position in
LEED pattern (Fig. 3.9a). Therefore we applied a Fourier filter on the Fourier transform
image and obtained a filtered Fourier transform image related to the A3 LEED spots and
6 x 6 surface corruagtion (Fig. 3.9d). Since this filtered Fourier transform image includes
the phase information, we can make inverse Fourier transform and obtain a filtered STM
image in real space (Fig. 3.14b).

In order to further identify the SiC 6yv/3x6y/3 R30° interfacial layer structure, we devel-

oped a Matlab program to calculate the intensities of kinematic scattering with different
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Figure 3.18: Simulation with kinematical scattering LEED pattern of SiC(0001) surface on
a plane grid. The incident electron beam energy is set to be 60eV. (a) one 6y/3 x6v/3 R30°
unit cell cut from the Fourier-filtered STM image of Fig. 3.14b (white dashed line). (b)
Schematic drawing of one unit cell of the 6y/3 x6y/3 R30° layer (grey shaded circles) sitting
on SiC 1x 1 substrate (filled black circle) used in the simulation. (c¢) Simulated LEED
pattern from the 6v/3x6v/3 R30° reconstruction. (d) Simulated LEED pattern of four layers
of graphene with 0.08 A surface corrugation.
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Figure 3.19: Schematic plot of the three SiC v/3xv/3 R30° reconstruction sublattices in one
SiC 6v/3 x 6/3 R30° unit cell. The three sublattices are plotted with three different colors:
blue, red and green. Superposing these 3 sublattices yields a SiC 1x 1 lattice.

SiC 6v/3 x 6v/3 R30° unit cells. We used the 2-D grating function in IDL software to plot
the simulated diffraction pattern through importing the Matlab output data of the LEED
intensity on each diffraction spot (Fig. 3.18¢c & d).

On each atom layer, a SiC 6v/3x6v/3 R30° unit cell involves in 108 Si or C atoms of SiC,
or 169 x 2 graphite carbon atoms (Fig. 3.10), or 36 SiC V3x/3 R30° adatoms. The schematic
drawing of the cross section of top five stacking layers on a graphitized SiC(0001) surface
is plotted in Fig. 3.5. Simulations with single-layer atoms and multi-layer atoms were all
conducted. The SiC 6v/3 x 6//3 R30° unit cell construction is proposed in Fig. 3.18b. The
construction of the SiC 6v/3x6y/3 R30° unit cell must be compatible with an important fact
that the extinction of the SiC v/3xy/3 R30° spots in corresponding LEED patterns (Fig. 3.9).
A SiC 1x1 lattices can be regarded as the superposing of 3 sets of v/3xv/3R30° sublattices
(Fig. 3.19). The v/3 x4/3R30° LEED spots extinction can be achieved by the equal or
almost equal occupation of the three V3 xv/3R30° sublattices in the SiC 6v/3 x 6v/3 R30°
unit cell (Fig. 3.18b). Changing the atom arrange within the 6v/3 x 6v/3 R30° unit cell, we
can demonstrate all sorts of diffraction patterns. Our proposed 6v/3 x 6/3 R30° unit cell is

based on the v/3 xv/3R30° extinction consideration and the actual atom locations in the
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Fourier filtered STM image (Fig. 3.18a).

A single layer simulation according to the proposed SiC 6v/3 x 6/3R30° unit cell is
plotted in Fig. 3.18¢c. The simulation reproduces the A3 diffraction spots very well. It also
generates the 3-fold symmetry satellites around SiC first-order diffraction spots. Although
these satellites in most LEED patterns show 6-fold symmetry, 3-fold symmetry is also
observed on some LEED patterns (Fig. 3.9¢c).

The other set of three spots closest to the first order V3 xv/3R30° are also visible
(Fig. 3.9), which are represented as “B3” in Fig. 3.17. Owman. et al. attributed B3 spots
to a 5.3 x 5.3 reconstruction. In our LEED pattern, we did not see any other diffraction
spots from this proposed 5.3x5.3 reconstruction. Our STM results do not show any 5.3x5.3
structure either. Actually, B3 spots can also be reproduced with kinematic scattering
method by placing the atoms at the different positions of the defined 6v/3 x 6v/3 R30° unit
cell hexagon (Fig. 3.18b). However we have not found a unit cell that yields B3 spots and
satisfies other LEED features at the same time. One spot of B3 spots is obviously much
more stronger than the other two in all the LEED patterns (Fig. 3.9). The structure factor
related to B3 spots needs to be further identified. A3 spots are generally much stronger than
B3 spots, therefore the 6v/3 x 6v/3 R30° layer related to A3 spots should be the dominant
feature of ordered interfacial layer.

In the kinematic scattering simulation, we supposed the atoms forming the reconstruc-
tion layer are uniform, i.e. either all Si atoms or all C atoms. The real reconstruction
layer might have mixed character, which could change the diffraction significantly. Since
the real LEED patterns are very reproducible, we can conclude that the composition of the
reconstruction should be fixed. The reconstruction layer between graphite and SiC could be
more than one layer and very complicated. This needs to be further investigated in order
to give a complete explanation of the 6v/3 x 6v/3R30° LEED pattern with only kinematic

scattering.
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3.5.3 Satellite Spots

Another salient feature of the 6v/3x6v/3 R30° LEED pattern is that a hexagon of satellites
corresponding to a SiC 6 x 6 always appears around the primary diffraction spots of SiC
and graphite, as well as the most intense 6v/3 x 6/3 R30° spots, such as A3 group (Fig. 3.7
and Fig. 3.9). All the satellite hexagons have the same size and the orientation as the 6x6
reconstruction hexagon around (00) spot (Fig. 3.9d). We can not develop all the satellite
hexagons with a SiC 6 x 6 reconstruction starting from origin spot (00), such as satellites
around graphite spots (Fig. 3.17), therefore these satellites can not be attributed to 6x 6
reconstruction, although they must reflect some six-fold symmetry on the surface. The
simulation of 6y/3x6y/3 R30° layer reproduces some satellites (Fig. 3.18c), therefore we tend
to think the origin of the satellites could also be explained from the kinematic scattering of
the 6v/3 x 6y/3R30° layers. The reconstruction between graphite and SiC is probably more
than one layer, so the construction of this interfacial layer and the corresponding simulation
need to be further investigated.

The origin of satellites around SiC and major 6v/3x6/3R30° spots could be attributed
to a more complicated 6v/3 x 6v/3 R30° interface reconstruction or to higher-order double
scattering as proposed by other groups [37, 39]. However, when graphite films are thick,
the origin of satellites around graphite integral-order spots (Fig. 3.7d) can’t be explained by
either way above. The SiC and reconstruction LEED spots are almost invisible at this time,
therefore these satellite spots are unlikely to be due to double scattering or the interface
reconstruction.

Our STM experiments show that the graphitized surface have less than 0.5 A vertical
corrugation with a 6ag;c X 6ag;c period. The true corrugation amplitude is difficult to
determine due to the unknown distribution of electron density and the finite distance from
the tip to the surface. Recent low-temperature STM results suggest that the corrugation
could be as large as 1A [56]. This surface corrugation appears to be the origin of the the
6x6 satellites. The nonplanar graphite layers with a 6x6 vertical corrugation plays the role
of a two-dimensional phase grating [82, 84] that generates satellite spots around graphite

spots.
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We simulated the LEED pattern with kinematic scattering theory by adding SiC 6 x 6
corrugation on 4 layers of graphene atoms with vertical amplitude of 0.08 A. The simulation
results (Fig. 3.18d) show that the satellites around graphite LEED spots can be generated
from this graphite corrugation. The 6 x6 corrugation of graphite films could be due to the
perturbation of the 6v/3 x 6/3 R30° interface layer underneath the lowest graphite layer.

We believe our 6v/3x6y/3 R30° unit cell interpretation of the LEED pattern is approaching
the real situation on graphitized SiC(0001) surface, although it seems still a long run to
reproduce the complete LEED patterns in Fig. 3.9 with the kinematic scattering simulation.
Perhaps, double scattering should not be ignored completely.

Further considerations could be added into the current Matlab code includes,

1) Construct more than one interfacial layers between graphite and SiC, which is prob-
ably the real situation.

2) Consider more vertical atom displacements for the interfacial layer rather than a
totally flat atoms sheet as current calculation. We have successfully developed the SiC 6x6
corrugation for graphite films. However, further adjustment of the vertical displacement of
each atom on the interfacial layer is a time consuming task for the current Matlab code.

3) Put mixed Si and C atoms into each interfacial layer rather than using mono-type
atoms for each layer.

4) Develop calculation methods to optimize the atom arrangement on surface automat-

ically.
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CHAPTER IV

CHARACTERISTICS OF GRAPHITE RIBBONS ON SIC
(0001) SURFACE

4.1 Vicinal Cut Si:C Samples

The vicinal samples have much narrower terraces than on-axis samples after Ho etching,
since the formation of the terrace is due to the vicinal angle of 3.5° between the basal plane
and the SiC(0001) plane [75]. Supposing the height between adjacent terraces is half a unit
cell height of 6H-SiC, i.e. 7.5A, then the terrace width should be 0.75nm/ tan (3.5°) =
12.2nm, which is close to what we measure in Fig. 4.1. It appears possible that ribbons
of controlled width and crystallographic orientation can be growth on these narrow SiC
terraces, as shown schematically in Fig. 4.1c. Should this prove to be possible, it would
be a tremendous advance in graphite nano-ribbon synthesis, since the electronic properties
of a graphene ribbon are determined entirely by its width and edge topology [16, 17, 85].
Ideally the graphite on such narrow terraces forms ribbons with an edge confinement, which
can be determined from the orientation of SiC substrate and the relative 30° rotation of
epitaxial graphite. For the SiC samples studied, the miscut was 3.5° toward the [1010]
direction, which should result in step edges that run along the the edges [1120] direction.
This would result in “zig-zag” edges on the epitaxial graphite ribbons. However, current
preparation procedure still can’t make such ordered ribbons. The real terrace edges are not
exactly parallel, and often have triangle shapes (Fig. 4.1a), therefore the edge states are still
uncontrolled. Clear 6 x 6 related corrugation can been seen on all the terraces. Graphite
films appear to be continuous over the terrace edges (Fig. 4.1b), as proposed by Seyller et
al. [86]. Since isolated the ribbons are preferable, further preparing techniques should be

developed to break the graphite over terraces.
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surface

Figure 4.1: STM images on graphitized 3.5° vicinal SiC(0001) surface. (a) The large scale
STM image shows the terraces on graphitized surface. Step edges run along [1120] on
average. Two pieces of peeled off graphite flakes are visible on the surface. The tip voltage
was —1.0 V and the constant tunneling current was 100 pA. (b) Typical graphitized surface
with 6 x6 corrugation are visible on each terrace. A three bilayer step is also resolved. The
tip voltage was —1.0V and the constant tunneling current was 100 pA. (c). A schematic
drawing of the ideal graphite ribbons growth on each terraces with parallel ribbon edge
running along [1120] direction. (d) The profile of terraces shows the the step height between
two adjacent major terraces is 0.75 nm, which is the height of three Si-C bilayer.
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4.2 Patterned Samples € Graphite Ribbons

In order to investigate graphene/graphene 1D interfaces, it will be necessary to perform
STM/STS studies of nanopatterned samples. We applied a typical E-beam lithography
process to pattern the graphitized SiC sample with the facilities at Georgia Tech. The
thorough description of E-beam lithography work can be found in our collaborator Zhimin

Song’s thesis [87].
4.2.1 E-beam Lithography Process for Graphite/SiC(0001)

I just give a outline of the whole lithography process (Fig. 4.2), since my work does not
emphasize on this part.

1. Deposit metal pads. The metal is gold and palladium alloy and the equipment used is
E-beam metal evaporator. Since metal has very high contrast to the graphitized surface in
a SEM view, those metal pads are used for locating the pattern in the following lithography
process.

2. Spin coating. The whole surface was rather uniformly covered by Hydrogen silsesquiox-
ane (HSQ) E-beam resist [88, 89] through standard spin coating method.

3. E-beam lithography. The lithography was done in MiRC of Georgia Tech with JOEL
JBX 9300, which has a resolution as high as 20nm. The dose of the E-beam was very
carefully calibrated by the several experiments on dummy samples.

4. Development. This step includes baking the sample to 250° C for 2 mins and de-
veloping in solvent TMAH and rinsing in DI water to remove the HSQ exposed to the
E-beam.

5. Plasma etching. Standard Os plasma RIE process. Oxygen will remove graphite
films without HSQ protection and then oxidize the SiC substrate.

6. HSQ removal. The HSQ resist over pattern graphite part is removed by HF solvent,
which also gets rid of oxidized SiC surface due to the Oy RIE process. The SiC surface is
passivated by hydrogen after the HF rinse and the graphite surface should be exposed to
air.

Because locating such small structures within the few-micron scan range of a UHV STM
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Flow of Graphene Ribbon Prepare Procedure
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Figure 4.2: Schematic flow of the E-beam lithography process for fabricating graphene
ribbons.

is not easy, we opted to fabricate samples with a repetitive pattern across a 1 mm area. The
repetitive patterns are 4 x4 um size, consisting of several ribbons with 80nm to 400nm

width.
4.2.2 STM on the Patterned Sample

A 6H-SiC sample was Hs-etched in the RF furnace and graphitized in our UHV chamber at
1395° C for 8 min. (note that the 6H-SiC sample is conductive). The Auger peaks intensity
show the thickness of graphite film is about 3 layers. The sample was subjected to the
patterning process described above. After removing the HSQ on graphite and mounting
the sample into the UHV chamber, we observed a LEED pattern with both graphite and
SiC diffraction spots on the center of the sample and only SiC diffraction spots out of center,
which is a proof of successful graphite removal outside the patterned region. Figure 4.3d
shows a 6 pum STM image taken after removing HSQ resist. The pattern observed is similar
to those founded by optical microscopy, SEM, and AFM images before HSQ removal, except
for some glitches due to the interaction between the tip and the HSQ residue. The STM
profile on the surface show that the height between graphite (higher region) and SiC (lower

region) is around 20nm. This is obviously against the results from AFM measurement
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when HSQ exist, which show only 10 nm around height difference between the SiC surface
and the HSQ surface. This abnormal STM height is very likely due to the HSQ residue on
graphene ribbon region. The non-conductive HSQ led to a large tip vertical adjustment by
the STM servo.

When the sample was heated to successively 500° C, much better STM tunneling current
was obtained and higher resolution STM images were acquired (Fig. 4.4). In this proof-of-
principal attempt, residual contamination from the e-beam resist(HSQ) was detected, but
the graphite was intact beneath the contamination layer, as shown in Fig. 4.4. The 1 pum
STM image (Fig. 4.4a) indicate that only several angstrom height between the graphene
ribbon region and SiC region. However the “nanocaps” from HSQ spread all over the surface
during heating, so we cannot know original height between graphene ribbons and adjacent
SiC region. The boundary between graphite and SiC is not obscure due to the nanocaps.
The HSQ nanocap particles appearing on surface are around 2nm size. The STM image
on the flat graphite beneath the nanocaps show SiC 6v/3 x 6v/3 R30° interfacial structures
(Fig. 4.4b & ¢). On another flat graphene ribbon region (Fig. 4.4d), STM resolved the
typical 6 x 6 corrugation surface. The profile indicates that the height between domains
on the surface beneath nanocaps still maintain one SiC bilayer height or 1/2 SiC unit cell

height, similar to the surface before the lithography process.
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Figure 4.3: Patterned graphite ribbons after E-beam lithography process. (a) Optical mi-
croscopy image. The photo was taken under 150 times amplification mode. (b) AFM image
before removing HSQ resist. (¢) SEM image before removing HSQ resist. The AFM result
indicate that the height between the HSQ surface (high region) and SiC surface (low re-
gion) is around 10nm. (d) STM image after removing HSQ resist with HF solvent. The tip
voltage was —4.0 V and the constant tunneling current was 100 pA. The image was taken
under big scan mode. The profile on the surface show that the height between graphite
(higher region) and SiC (lower region) is around 20 nm. This is obviously against the result
from AFM measurement when HSQ exist. This abnormal STM height different is due to
the HSQ residue on graphene ribbon region.
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Figure 4.4: STM images over patterned graphite ribbons after E-beam lithography process.
The surface was subsequently heated to 500° C in the UHV chamber. (a) STM over both
graphite and SiC regions. The higher region is graphite ribbon region and the lower region
is the SiC region with graphite removal in the lithography process. “Nanocaps” from HSQ
resist cover much of the surface. The tip voltage was —4.0V and the constant tunneling
current was 100 pA. (b) A flat region not covered by HSQ shows SiC 6x6 corrugation. The
tip voltage was —0.9V and the constant tunneling current was 1nA. (c) Atomic resolution
STM image on the center flat region of (b). SiC 6y/3x6y/3 R30° interfacial layer is resolved.
The tip voltage was —0.5V and the constant tunneling current was 1nA. (d) Another flat
region show terraces remaining Ho etching features. The height between adjacent terraces
are the SiC bilayer height or 6H-SiC half unit cell height. The tip voltage was —2.5V and
the constant tunneling current was 100 pA. (e) SiC 6 x 6 corrugation obtained on the flat
region in (d). The tip voltage was —0.4V and the constant tunneling current was 100 pA.
(f) The profile along the red line in (d).
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CHAPTER V

CHARACTERISTICS OF GRAPHENE FILMS ON SIC
C-FACE

The Si-face and C-face of SiC have significantly different chemical and physical properties.
The C-face of SiC is more active for oxidation, 10 times the rate of Si-face [90], and graphi-
tization. SiC oxidation process is critical for fabricating high power MOSFETSs and has
been studied many years, however the poor quality of the interface between SiC bulk and
the oxide dielectrics film is still the barrier for the development of SiC high power devices
[20].

The topologies on graphitized C-face of SiC are significantly different from those on
Si-face [40, 41]. Graphitized C-face surface generally has larger size domains and terraces
than Si-face according to AFM and X-ray experiments [91]. STM images on C-face samples
graphitized around 1400° C often show nanocaps [43] and nanotubes [42] on surface. Further
annealing to higher temperature can yield different products. Kusunoki et al. got carbon
nanotube growth perpendicular to the SiC(0001) face at 1700° C [41], however An et al.
obtained a flat surface covered by graphite films on the same surface [40]. An et al. observed
that the nanocaps disappear when the sample is heated over 1450° C [40]. However, we did
not see the disappearance of carbon nanocaps in our graphitization experiments. According
to the KRIPES spectra, Forbeaux et al. concluded that the graphitization on the C-face of
SiC results in a hybridization between the anti-bonding 7* states and the occupied states of
the SiC bulk or a 2x2 reconstruction layer. The hybridization leads to a strong interaction
between the first graphite layer and the layer underneath. This strong bounding limits
the free motion of small graphite patches and is thought to lead to azimuthally disordered

patches on the surface [92].
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5.1 Sample Preparation

The preparation of C-face samples is similar to that of Si-face samples described in Chap.
3. The first process is still Hy etching. The etched SiC(0001) surfaces also have the ordered
terraces with one or 1/2 of unit cell height steps between. The C-face graphite films were
graphitized either in the UHV chamber or in the home-built high vacuum RF furnace.
Graphitization in the furnace yields higher quality graphite films with flatter surfaces and
larger terraces, thus the surface analysis results presented in this chapter are all on the
furnace graphitized samples. In the RF furnace, samples were graphitized from 1300° C
to 1500° C around 10 to 20 min. for different thicknesses. Graphitized surfaces are often
checked by ambient AFM first and then the sample is mounted into the UHV chamber
for LEED, AES and STM experiments. The samples are not ultrasonically cleaned steps
before mounting in the chamber, since the graphite films could be degraded by the cleaning
process.

In our UHV chamber, the C-face graphitization starts at 1200° C and the graphite film
has faster growth rate than on the Si-face. When annealing temperature is over 1350° C in
UHV, there is no SiC LEED pattern and no Si peak in AES. The LEED pattern evolution on
the C-face is also totally different from that on the Si-face (Fig. 5.1 & Fig. 3.7). Without a
Si evaporator source, the 3x3 reconstruction LEED pattern can be seen at a temperature of
1100° C. The biggest difference on the two faces is that the C-face shows graphite diffraction
rings or arcs, while diffraction spots are observed on Si-face. Graphite rings begin to develop

when the annealing temperature is above 1200° C.

5.2 LEFED Results

In order to have minimal influence from the doping of the SiC substrate, the magnetoresis-
tance and other transport measurements were all conducted on undoped 4H-SiC samples.
My graphitization study on C-face of SiC was also on these nonconductive 4H-SiC sam-
ples. Another reason for selecting 4H-SiC is that 4H-SiC has a lower defect density than
6H-SiC under current wafer fabrication technology [58]. Nonconductive 4H-SiC samples

display charging effects on LEED and Auger before graphitization. Hs etching leaves a
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non-conducting silicate layer on both Si-face and C-face surfaces [1] and the 4H-SiC bulk is
nonconducting, therefore no LEED pattern can be observed on the 4H-SiC surfaces when
the electron beam energy is below 100eV. Once the E-beam energy is over a certain thresh-
old value of approximately 110 eV, SiC v/3xy/3 R30° patterns similar to those on the Si-face
can be observed. The threshold voltage depends on sample preparation and the LEED
electron beam adjustments. The absence of charging effect at higher E-beam energies is
probably a consequence of the secondary electron output balancing the incident electron
current, which eliminates the charging effects [93]. Graphitized 4H-SiC samples do not show
any charging effect, since the graphite film is conductive.

Without any further treatment in UHV, the furnace-graphitized C-face samples were
studied at different graphite thicknesses (Fig. 5.1). The Ha-etched surface shows a SiC
V3 xv/3R30° LEED pattern (Fig. 5.1a). Similar to the Si-face samples, C-face samples
also have 3-fold symmetry and diffuse background LEED features before graphitization,
so we believe that after Hy etching, the surface of C-face SiC is also covered by a silicate
monolayer, as proposed by Starke et al. [2]. For samples annealed in the furnace around
1250° C, graphite diffraction appears(Fig. 5.1b). Instead of graphite spots, the graphite
diffraction on C-face generally shows graphite rings, which means that the graphite growth
on C-face is azimuthally disordered [92]. However, the graphite film apparently has some
preferential orientations, since the intensity of the graphite rings is not uniform and they are
split at certain azimuths (Fig. 5.1). With the growth of thicker graphite films, the intensity
of graphite diffraction rings become stronger and the intensity distribution around the ring
also changes (Fig. 5.1c & d).

Another interesting phenomenon observed in these LEED patterns is that the SiC re-
construction patterns change from SiC v3xv/3R30° to SiC 1x 1, and then disappear when
graphite films grow thick. Neither SiC 6v/3 x 6v/3 R30° reconstruction nor any double scat-
tering LEED patterns appear at any phase. Therefore, either no interfacial layer exists
between graphite and the SiC substrate or the interfacial layer is thin and disordered.

A SiC 3 x 3 reconstruction was observed in LEED after the UHV annealing of SiC C-

face at 1150°C. A SiC 3x3 LEED pattern was also obtained on a RF furnace prepared
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Figure 5.1: The evolution of the LEED patterns on SiC(0001) surface. (a) The LEED pattern
after Hy etching shows SiC V/3xv/3R30° reconstruction, E,=118eV. Some LEED patterns
before graphitization also show 3-fold symmetry and diffuse background on C-face. Charge
effects are observed, when the electron beam energy is below a threshold value of 110eV.
(b) 1 to 2 graphene layers on SiC(0001) surface. Both graphite arcs and SiC v/3 xv/3 R30°
reconstruction spots are visible, F,=73eV. Graphite arcs indicate that the initial growth
of graphite is azimuthally disordered. (c) 3 to 4 layers of graphene on SiC (0001) surface.
Only graphite rings with stronger intensity and SiC 1x1 spots are visible, £,=103eV. (d)
Thicker graphite films with more than 6 layers on SiC (0001) surface. Only graphite rings
visible at this phase. The graphite ring is continuous but not uniform intensity. Bright arcs
appears at certain azimuths along the graphite ring, £,=69eV.
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sample after peeling off thick graphite films on the C-face and heating it to 1150° C in UHV.
Therefore, SiIC 3x 3 is a reconstruction forming on C-face when the annealing temperature

is below the graphitization temperature.

5.3 STM Results

Graphite growth on C-face SiC has significant differences between samples prepared in UHV
and those in the RF furnace. STM results show that the graphitization in UHV leaves a
surface almost 100% covered by nanocaps. In contrast, the nanocap coverage on the C-face
of SiC prepared in the RF furnace is less than 40%, and the remaining areas are very flat
graphite films (Fig. 5.3b). The LEED patterns of UHV samples are broad weak graphite
rings in contrast to the sharp LEED arcs from the RF furnace samples.

C-face STM images presented here are all taken on the two samples graphitized in the
RF graphitization furnace. These two samples have different graphite film thicknesses.
The same surface analysis procedures were conducted in the room temperature UHV STM

system.

5.3.1 On Thick Graphite Films

Auger spectroscopy shows no Si peak on the thick graphite film and the corresponding
LEED patterns have no other diffraction pattern but graphite rings, which means that
the graphite thickness is more than 6 layers. High resolution TEM experiments on another
sample prepared under the same conditions show more than 15 graphite layers on the surface
(Fig. 5.4) [10]. The interface structure between graphite and SiC in the TEM image seems
disordered, however the TEM wafering process can change the interfacial layer. Graphite
film were completely detached from the SiC substrate in TEM images taken on other cross-
sections of the same sample. This TEM result shows a different growth mechanism than
that found in the TEM results from Kusunoki et al.. Their TEM showed profile of nanocaps
growth on the interface between graphite and SiC substrates [41].

Both AFM and STM images indicate that domains in micron size exist on the SiC(0001)
surface after graphitization (Fig. 5.3a). The heights between domains vary from 2nm to

5nm, which is higher than the original height difference between terraces after Hy etching
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Figure 5.2: AFM images on graphite films growth on the C-face of SiC prepared in the RF
furnace by Xuebin Li. (a) AFM on thick graphite films growth on SiC C-face. The surface
has big domains in several micron size. The height between big domains vary from 2nm
to 5nm. Big nanotubes are across the surface. (b) AFM on Hs etched surface the C-face
of SiC. The height between adjacent terraces is around one unit cell height of 4H-SiC. The
surface maintain the terraces after a thin graphite film growth process.

(Fig. 5.2). Large carbon nanotubes or scrolls, with diameters of up to 30 nm, are always
formed on graphitized surfaces of C-face SiC. These carbon nanotubes occur either along
step boundaries of the domains, or even nearly perpendicular to steps. In contrast, nan-
otubes are very rare on graphitized Si-face sample. We saw much smaller nanotubes only
once on the Si-face of a 6H-SiC sample pre-prepared with the oxidation procedure same to
the oxidation procedure for the NASA sample. The oxidation solution was used to flatten
the surface before we developed the Hy etching method.

Smaller-scale STM scanning on the surface shows that the “flat” domains found by
AFM are 40% covered by nanocaps (Fig. 5.3b). Nanocaps, as perhaps carbon onions,
gather forming islands that scatter all over the surface. The remainder of the surface is
very flat. Further atomic resolution scanning indicates that these flat regions are graphite
(Fig. 5.5b). Under the nanocap islands, one often finds a 3 A high layer (Fig. 5.5d), which
is possibly a graphene sheet growing from underneath the nanocaps (however, we do not

believe that this plays a dominant role in the growth of the graphite film).
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Figure 5.3: STM images on thick graphite films grown on the C-face of SiC. (a) 4 um scan
presents an overview on the surface showing domains of micron size. Large nanotubes
cross the surface often forming the the boundaries between domains. The tip voltage was
—2.5V and the constant tunneling current was 100 pA. (b) Nanocaps and flat areas between
nanocaps on a flat domain. The nanocaps coverage is less than 40%. The profile over the
lowest part of the nanocaps show that they sit on graphene islands over the uniform flat
graphite films underneath. The tip voltage was —3.0 V and the constant tunneling current
was 100pA. (c) Profile over several domains (dashed line in (a)). (d) Profile across the
lowest region of nanocaps show that the height is about one layer of graphene, which means
nanocaps probably grow on graphene islands beneath nanocaps.
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Figure 5.4: High resolution TEM cross-sectional on C-face graphitized 4H-SiC. Along the
(0001) direction, the periodicities of 1 nm unit cell and 0.25nm SiC bilayers are both dis-
cerned within the 4H-SiC. The graphite films in this picture have uniform thickness of
around 20 sheets. However, the thickness is not uniform on the same sample, varying from
5 to 25 monolayers. The gap between the SiC substrate and graphite films is probably
due to peeling during sample wafering, since the gap changes in different TEM scans. This
figure is after Ref. [10]
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Figure 5.5: The flat region on SiC C-face surface is terminated with graphite films. (a)
The STM image on a flat region with nanocaps on surface. The tip voltage was —3.0V
and the constant tunneling current was 100 pA. (b) Atomic resolution scanning within the
dashed square of the flat region. Graphite with honeycomb structure is discerned. The
tip voltage was —1.6 V and the constant tunneling current was 100 pA. The graphite films
in one domain show ordered crystal structure, which means the azimuthal disorder seen
in LEED should come from different domains or different graphite layers. (c) Profile on
graphene films shows surface corrugation is only 15-20 picometers.

Further atom-resolved STM images (Fig. 5.5) on a flat region between nanocap islands
demonstrates that the flat regions are graphite films. At the high impedance used for
this image, the STM resolves full honeycomb structure of the graphite. The top layer of
the graphite film in one domain has ordered crystal structure, thus the azimuthal disorder
observed in LEED should come from different domains or different graphite layers. It is

more likely from different domains, since the azimuthal disorder also exists on thin graphite

films (Fig. 5.1b).
5.3.2 On Thin Graphite Films

The thin graphite film was prepared in the RF furnace at 1350° C. The Si and C Auger

peak ratio for the thin graphite film sample is 1:12, which means the film is 2-3 graphene
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layers. The large-scale STM scan demonstrates similar results to AFM images on Hy etched
surfaces. The graphitization mostly maintains the ordered terrace topology obtained from
the Hy etching process (Fig. 5.6a). Comparing with the thick graphite film surface, this
thin film graphitization has less modification of the original surface topology. The surface
is also covered by nanocaps (Fig. 5.6b) and the coverage is similar to the thick graphitized
sample. However, the number density of carbon nanotubes on surface is much smaller than
the sample with the thick graphite film. Small-scale STM scans over flat regions between
nanocaps resolved a disordered corrugation of graphite (Fig. 5.7a). The lateral scale of this

surface undulation is 2 —5 nm.
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Figure 5.6: STM images on thin graphite films grown on SiC C-face. (a) An overview of
the surface shows that after the thin film graphitization process, the surface maintains the
oriented terraces forming in the Hy etching process. Big nanotubes also appear on the
surface, but the number density of nanotubes is much smaller than the thicker films. The
tip voltage was —4.0V and the constant tunneling current was 50 pA. (b) The surface is
also covered by nanocap islands. The nanocap coverage is nearly the same to the thick
graphitized surface. The tip voltage was —4.5V and the constant tunneling current was
100 pA. (c) Profile from (a) shows that the terrace height is 1nm or 2nm. (d) Profile from
(b) indicate that the height of nanocaps is around 1 —1.5nm and the terrace height is 1 nm.
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Figure 5.7: STM image and its profile on the thin graphite film grown on the C-face of SiC.
(a) STM scan on the flat region between the nanocaps. The structure is either a disordered
structure underneath graphite film or the corrugation of graphite film itself. The tip voltage
was —2.5V and the constant tunneling current was 50 pA. (b) The profile shows that the
surface vertical undulation is within half an angstrom and the lateral spacing is from 2nm

to bnm.
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CHAPTER VI

CONCLUSION

6.1 Summary of Results

This thesis presented my research on the graphite/SiC system with the ultra high vac-
uum surface analysis techniques. Ultrathin graphite films were grown epitaxially on the
silicon-terminated faces of 6H-SiC and 4H-SiC samples via thermal desorption of silicon
at annealing temperature from 1200° C to 1550° C in the UHV chamber. The thickness of
graphite was controlled through monitoring annealing temperature and time in UHV. The
thickness of graphite films was measured by quantitatively modeling the ratio of Si and C
Auger peaks.

The evolution of LEED patterns and AES spectra provide sufficient evidences that
ultrathin graphite films grow epitaxially on the SiC(0001) surface. The sharp graphite
LEED diffraction spots indicate that the graphite films registry on SiC(0001) surface have
a 30° rotation relative to the substrate lattice. The clear SiC 6v/3x6v/3 R30° LEED patterns
obtained during the surface evolution provide thorough records for analyzing the mechanism
of the initial graphene layer growth of on the SiC(0001) surface.

STM results for 3-4 ML graphite films on the SiC(0001) surface indicate that the graphite
films on the surface are divided into domains around 50nm? size. The heights between
adjacent domains vary from 0.5A up to 3.5A. These heights correspond to the distance
between Si and C layers within one SiC bilayer and the distance between two adjacent
graphene layers. STM resolved both hexagon and honeycomb atomic structures on graphite
films. The graphite films have surface corrugation that follow 6ag;c X 6ag;c lateral period
and 0.2 A to 0.3 A vertical amplitudes. The corresponding STS spectra and recent LT-STM
results from NIST prove that graphite films are often continuous over steps on the surface.

STM on mono-layer graphene on the SiC(0001) surface resolves the interfacial structure

between the SiC substrate and the first graphene layer, with tunneling dominated by states
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originating on the layer beneath the graphene. According to the /3 xv/3R30° extinction
phenomenon due to the equal occupation of the 3 V3 xv/3R30° sublattices and the actual
atom locations in the Fourier filtered STM image, we construct a possible SiC 6y/3x6y/3 R30°
unit cell to explain the major ordered features of the interfacial layer. The structure factor
of this proposed unit cell explains the extinction of the v/3 xv/3R30° LEED spots and
partially solves the controversy regarding interpretations of the SiC 6y/3 x 6v/3R30° LEED
patterns. We also propose the model of 6 X6 surface corrugation of graphite according to
the simulated kinematic scattering results. We conclude that the 6v/3 x 6v/3R30° LEED
pattern can be explained predominantly by kinematic scattering from the 6v/3 x 6v/3 R30°
reconstruction, the slightly corrugated graphene, and the SiC substrate. The SiC 6 x 6
satellite LEED spots around primary graphite spots when graphite films are thick should
be only due to the SiC 6x 6 corrugation of the graphite films.

STM on the graphitized vicinal samples demonstrates that the graphite film with 6x6
corrugation can be obtained on terraces by the typical graphitization process in UHV.
However, the terrace edges are not parallel, so the edge direction of graphite ribbons has
not been controlled. The graphite appears to be continuous over the terrace edges.

LEED results give evidence of the successful removal of graphite film by the electron-
beam lithography method. STM on patterned graphite ribbons shows that the designed
graphite ribbon pattern is present even after removing the HSQ resist. Nanocaps from HSQ
residue spread to cover most of the surface after the sample was heated to 500° C. STM on
a flat ribbon area underneath the HSQ shows graphite-featured 6x6 corrugation and STM
resolved SiC 6v/3 x 6v/3 R30° interfacial layer structure on another flat area.

UHV graphitization on C-face SiC results in carbon nanocap growth on all surfaces.
While the nanocap coverage on C-face SiC samples prepared in the RF furnace is around
40% on both thick (over 6 graphene layer) and thin (2-3 graphene layer) graphite films,
for the thick graphite film sample, the remaining area consists of very flat graphite films
with only 15-20 picometers atomic corrugation. The surfaces have micron size domains and
the height between adjacent domains are around 2nm to 5nm. Many large nanotubes or

scrolls appear on the surface forming the boundaries of domains or lying within the large
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domain. For the thin graphite film sample, STM on the flat area showed disordered surface
structure with vertical undulation of less than 1/2 angstrom and lateral spacing from 2nm
to 5nm. Compared with the thick graphite film surface, the thin graphite film growth
has less modification to the original SiC surface topology, mostly maintaining the ordered

terrace topology obtained from the Hs etching process.

6.2 Suggested Future Work

In order to improve graphite film quality growth on SiC surfaces, more graphite growth
methods should be attempted on both faces of SiC. The first improvement should be
mounting a Si evaporator to deposit Si on the surface so that the Si loss rate during the
graphitization process can be better controlled.

More Hj etching and graphitization experiments need to be conducted on the vicinal
SiC samples to produce more ordered terrace edges. A method of isolating graphite films
on the edges of vicinal samples into independent graphite ribbons needs to be developed.

The HSQ resist left after E-beam lithography needs to be removed more carefully with
the HF solvent so that no HSQ residue remains on top of the graphite ribbons. The optical
part and the coarse motion of the sample in the room temperature UHV STM system need
to be improved so that micron size lithographically-defined features on sample surfaces can
be easily discerned and approached and positioned under the STM tips.

As proposed in Chapter 3, the kinematic scattering simulation can be improved by
adding more considerations to the Matlab code to reproduce more diffraction spots appear-

ing on the SiC 6v/3x6y/3R30° LEED pattern.
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