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SUMMARY

Graphene has been one of the most interesting and widely investigated ma-
terials in the past decade. Because of its high mobility, high current density, inher-
ent strength, high temperature stability and other properties, scientists consider it a
promising material candidate for the future all-carbon electronics. However, graphene
still exhibits a number of problems such as an unknown interface structure and no
sizable band gap. Therefore, the purpose of this thesis is to probe and solve these
problems to make graphene suitable for electronics. The work focuses on high-quality
C-face epitaxial graphene, which is grown on the (0001) face (C-face) of hexagonal
silicon carbide (SiC) using the confinement-controlled sublimation (CCS) method.
C-face epitaxial graphene has much higher mobility compared to Si-face graphene,
resulting from its special stacking order and interface structure, the latter of which is
not fully understood. Thus, the first part of the work consists of a project, which is
to investigate and modify the interface and the surface of C-face graphene by silicon
deposition and annealing. Results of this project show that silicon can intercalate into
the graphene-SiC interface and form SiC by bonding carbon atoms on the graphene
surface. Another crucial problem of graphene is the absence of a band gap, which
prevents graphene from becoming an ideal candidate for traditional digital logic de-
vices. Therefore, the second project of this work is devoted to introducing a wide
band gap into the graphene electronic structure by growing from a nitrogen-seeded
SiC. After successful opening of a band gap, a pre-patterning method is applied to im-
prove graphene thickness variations, orientational epitaxy, and the gapped electronic

structure.

Xvi



CHAPTER 1

INTRODUCTION

1.1 Graphene

Carbon is one of the most important elements on our planet. With its unique diver-
sity of organic compounds and the ability to form polymers, carbon is the chemical
basis of all known life forms and organic chemistry. Because of its valency, carbon is
able to form numerous allotropes. The most common carbon allotrope in our daily
lives is graphite since it is the most stable form of carbon under standard conditions.
The structural basis for graphite is a single layer hexagonal carbon structure called
graphene. Besides graphite, graphene is also the structural basis for other carbon al-
lotropes. For example, graphene can be wrapped up into zero-dimensional buckyballs
and rolled into one-dimensional nanotubes as Figure 1 shows.

Since the initial experimental work was done by W. A. de Heer and later A. K.
Geim [1, 2], graphene rapidly became one of the most studied materials in the last
decade. As a single sheet of an sp>-bonded honeycomb carbon lattice, graphene is
the ideal two-dimensional (2D) material with exceptionally high crystal and electronic
quality [4, 5].

In this chapter, basic knowledge of graphene including band structure and growth

method will be introduced in detail.

1.2 Graphene Band Structure

One of the most superior properties of graphene is its linear electronic band struc-
ture at the corners of the hexagonal brillouin zone. Both electrons and holes act like

massless Dirac fermions. The graphene band structure was calculated back in 1947
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(b)

Figure 2: (a) Graphene honeycomb lattice structure. a; and ay are unit vectors.
Each unit cell is composed of two carbon atoms, red and blue, as shown in the yellow
shade. (b)Corresponding brillouin zone. b; and by are reciprocal unit vectors. Dirac
cones are located at K and K’ points.
by P. R. Wallace using a tight-bonding model [7]. However, at that time, studies of
graphene served as a basis for graphite research since graphite was an important ma-
terial for nuclear reactors and there was no way to produce a single layer of graphite.
In this section, we will start with the calculation of the graphene band structure.
Graphene is a two-dimensional honeycomb structure as Figure 2 shows. The unit
cell is composed of two carbon atoms, A and B, as red and blue atoms. The lattice
vectors a; and a9 can be written as
3a,+\/§a, 3a. V3a.

0/1:77; 9 7, a2:7z_ 9 7 (1)

where a is the carbon-carbon bond length, which is 1.42A. The corresponding recip-

rocal lattice vectors b; and by are

2 2vV3 2 2v3
dm BTy, 2y 2V (2)
3a 3a

b
! 3a 3a

The corners of the brillouin zone, K and K’, are of particular interest because of
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Figure 3: Graphene band structure calculated by Equation 5 with ¢ = 2.7eV and
t' = —0.1eV. Figure on the right is the zoom in around the Dirac point.
the linear relation in the band structure, as mentioned earlier. The positions of these

two points are given by

2m 2m , 21, 2m
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Assuming that electrons can hop to only the nearest and the next nearest neighbor

J- (3)
atoms, an analytical energy band structure can be derived as

Ei(k) = £1v/3 + f(k) = t'f(k), (4)

f(k) = 2cos(V/3kya) + 4 cos(?kya) cos(gkma), (5)

where t(~ 2.7eV) is the nearest neighbor hopping energy, ' is the next nearest neigh-
bor hopping energy, the plus sign is for the conduction band and the minus sign is
for the valence band. From Equation 5, it is clear that if ¢ = 0, the spectrum will

be symmetric around zero energy. Since we are primarily interested in the corners of



the brillouin zone, the dispersion can be expanded around the K point, including ¢’
up to the second order in ¢/K by assuming that k = K + q, while |q| < |K]|. The
energy near the K point becomes

9t'a®>  3ta?

1 i sin(30,))[al, ©

where q is the momentum with respect to the K point, and vg is the Fermi velocity,

Fi(q) =3t £ vr|q| — (

given by vg = 3ta/2. The Fermi velocity is about 10°m/s. 6, = arctan(g—;) is the
angle in the momentum space. This equation implies that ¢’ only changes the energy
position of the Dirac point, but it does not change the linear dispersion relationship
up to the second order. It also indicates the threefold symmetry, which is the so-called

trigonal warping |[8].
1.3 Graphene Growth Method

During the past decade of graphene research, researchers have developed many growth
techniques to produce graphene films. Currently they are fabricated using four main
techniques: (1) mechanical exfoliated graphene by using scotch tape to repeatedly
peel off small mesas of highly ordered pyrolytic graphite (HOPG) [2], (2) epitaxial
graphene by annealing SiC to high temperatures such as ~ 1600 °C [1], (3) reduced
graphene oxide by various reduction methods applied to graphene oxide, which is
produced by the Hummers and Offeman method [9], and chemical vapor deposition
(CVD) graphene by depositing hydrocarbons on metal substrates such as copper [10],
nickel [11, 26], and ruthenium [12]. However, none of these method are flawless. In

this section, a brief introduction of each method will be provided.

1.3.1 Exfoliated Graphene

The simplest way to produce graphene is called mechanical exfoliation, also referred
as the “scotch tape method,” developed in 2004. It quickly became popular because

of its acceptable quality, low cost, and excellent ambipolar electric field effect. The
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Figure 4: Exfoliated graphene films. (a) Normal white light photograph of a multilay-
er graphene flake with thickness ~ 3nm on an oxidized Si wafer. (b) Large graphene
crystal prepared on an oxidized Si wafer. (c¢) AFM image of single layer graphene.
(d) A single layer of graphite. Images are taken from references [2, 3, 6].

exfoliation method also led the Nobel Prize in Physics for A. K. Geim and K. S.
Novoselov for their “groundbreaking experiments regarding the two-dimensional ma-
terial graphene.” One success point of this method is that graphene becomes visible
when it is placed onto silicon dioxide. The interference contrast makes thin graphene
film stand out under an optical microscope as shown in Figure 4.

The starting material is the platelets of HOPG with 1 mm thickness. Various size
mesas are prepared by dry etching in oxygen plasma. Then the surface is attached to
a photoresist. After the sample is baked, the scotch tape is used to repeatedly peel
flakes of graphite off the mesas, and dipped into acetone. Then a silicon wafer with

300nm silicon dioxide is applied to capture these thin flakes. Most of the thicker flakes

can be removed afterward by ultrasound cleaning in propanol, leaving thin flakes that



can be detected by the optical microscope. A similar method can be also applied to
other two-dimensional materials such as boron nitride [13] and molybdenum disulfide
[14].

Exfoliated graphene has several disadvantages. First, the normal size of exfoliated
graphene is usually around a few microns. Although as shown in Figure 4, exfoliated
graphene can be as large as millimeter size, it is quite difficult to produce and the
quality of it is in doubt. Second, it is time-consuming to peal off and look for an ideal
single layer graphene flake. Finally, both the physical and electronic structures of
exfoliated graphene are worse than those of epitaxial graphene [15, 16]. The surface
roughness of exfoliated graphene is 10 times as high as that of epitaxial graphene when
measured under atomic force microscope (AFM), and the Dirac cone can be barely
seen under angle-resolved photoemission spectroscopy (ARPES). All these drawbacks

make exfoliated graphene less promising for future electronics development.
1.3.2 Epitaxial Graphene on SiC

Even earlier than the discovery of exfoliated graphene, scientists started to recognize
that ultrathin graphite was able to grow out of silicon carbide crystal and patternable
graphene nano-electronics could also be achieved [1, 18]. The graphitization of SiC
was first shown by Van Bommel et al. in 1975 [17]. Low-energy electron diffraction
(LEED) and Auger electron spectroscopy (AES) were used to characterize the surface
state of the thin graphite layer on both the carbon terminated face (C-face) and the
silicon terminated face (Si-face). At high temperatures, silicon sublimated from the
surface, leaving excess carbon atoms that transformed into a graphene structure. This
early study provided an initial idea about the crystallography of graphene grown on
both faces of SiC. After continuous research was carried out on the epitaxial graphene,
more and more scientists realized that epitaxial graphene on SiC could have more a

promising future than exfoliated graphene because of its extremely flat surface [1]
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Figure 5: (a) Band structure of doped epitaxial graphene along a line through the
K point and perpendicular to the I'M direction. (b) Band structure of same doped
graphene but along the 'K direction. (c¢) Scanning tunneling microscopy (STM)
image of the epitaxial graphene surface. Inset is an atomically resolved region. Images
are taken from references [1, 20].

and its much more ordered electronic structure as shown in Figure 6 [20].

During the growth of epitaxial graphene, SiC pieces are usually heated in the
ultra-high vacuum (UHV) environment. To produce even better epitaxial graphene
films, a group led by W. A. de Heer developed a more sophisticated method called
confinement-controlled sublimation (CCS) [116]. Epitaxial graphene grown by the
CCS method has exceptional high mobility [29], the quantum Hall effect [30], the
Landau level [55], the fractional Landau level [31], self-assembly ribbons [32], decou-
ple layers in multi-layer C-face graphene [51], and ballistic transport [75]. Detailed
information will be introduced in the next chapter. Despite the high cost of the SiC
wafer (rapidly decreased since 2004), epitaxial graphene has been widely considered

to be the best quality graphene.



Figure 6: (a) Scanning electron microscopy (SEM) image of a reduced graphene
oxide sheet. (b) Shiny and flexible graphene paper formed by controlled restacking
of graphene sheets. Images are taken from references [21, 22].

1.3.3 Reduced Graphene Oxide

Another chemical way to produce the graphene sheet is the reduction of graphene
oxide. The strength of this method is its ability to produce large amount of graphene
powder and large graphene monolayers, which are highly processable and ready for
fabrication [9].

Graphite oxide is first prepared by the Hummers method [23]. Original graphite
is treated with a water-free mixture of concentrated sulfuric acid, sodium nitrate, and
potassium permanganate. To isolate graphene oxide from graphite oxide, the most
common method is mild sonication or stirring in water [9]. Then the left graphene
oxide can be reduced in many ways, such as chemical reduction [21], thermal reduction
[24], and multi-step reduction [25]. All these different reduction methods have the
same purpose, which is to eliminate functional groups and heal the structural defects.

All in all, the reduction of the graphene oxide method proposes an alternative

attractive way of producing large quantity of graphene. However, the quality of this



type of graphene remains questionable with a large number of defects. Extensive
research is required for the further incorporation of reduced graphene oxide into ap-

plications.
1.3.4 Chemical Vapor Deposition Graphene

Because of both compatibility and scalability, chemical vapor deposition has emerged
as another popular method to produce graphene since it was first reported on nickel
in 2008 [26] and copper in 2009 [10] (see Figure 7). This method is low cost, and it can
be applied to many commercial CVD systems. During the process, gas species such
as methane or ethylene are injected into the reactor and pass through the substrate.
Then the hydrocarbon decomposes on the surface of the metal substrate to carbon
radicals, which can form graphene.

The quality of CVD graphene can be affected greatly by the substrate as well as the
subsequent transfer method. For example, the Cu substrate turns out to be a better
choice than Ni to grow monolayer graphene because of different growth mechanism.
Graphene grows on Ni through carbon segregation and precipitation; however, on
Cu, growth is through a surface reaction, as shown in Figures 7(c) and (d). The
quality-limiting step is the transfer method. Resulting from the discontinuities in the

transferred graphene sheet, CVD graphene has low conductivity [28].

1.4 Thests Outline

In this first chapter, the background information of graphene has been introduced
briefly. In the second chapter, more details of the epitaxial graphene growth and
characterization method including the confinement-controlled sublimation method
and various surface characterization instruments will be discussed. The topic of
Chapter III is my first project, which is composed of two parts. The first is the
intercalation of Si into the graphene-SiC interface, and the second is surface SiC for-

mation on top of graphene. The purpose of the project is to investigate and control

10
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Figure 7: (a) Transmission electron microscopy (TEM) image of CVD graphene
on Ni. Red dashed lines indicate the step-shaped edges. (b) SEM image of CVD
graphene on Cu. (c) and (d) are the graphene growth mechanisms on Ni and Cu,
respectively. Images are taken from references [26, 10, 27].
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the interface and the surface of graphene by Si deposition and annealing. In Chapter
IV, we focuse on the semiconducting form of graphene grown from nitrogen-seeded
SiC and the improvement of this type of graphene by a pre-patterning method. The
idea is to solve the inherent problem of graphene, which is the absence of a sizable

band gap.
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CHAPTER 11

EPITAXIAL GRAPHENE GROWTH AND
CHARACTERIZATION METHOD

2.1 Confinement-controlled Sublimation

2.1.1 Sample Preparation

As mentioned in the previous chapter, researchers anneal SiC in the UHV environment
to grow graphene. However, the quality of such graphene is relatively low because
of the high sublimation rate of Si at lower temperatures. This section reviews an
improved annealing method called confinement-controlled sublimation (CCS), devel-
oped by the Georgia Tech team led by W. A. de Heer [116]. The basic idea is to trap
Si vapor inside a semi-closed graphite crucible that contains the SiC piece, causing the
high sublimation rate of Si to decrease. The reduced sublimation rate leads a higher
growth temperature and thus better quality of graphene forming on both C-face and
Si-face SiC.

All SiC wafers used in this thesis are single-crystal 4H or 6H N-type SiC wafers
from Cree, Inc. The wafer is cut on-axis with a miscut angle of less than 0.25°. Both
faces are polished while only Si-face is chemical-mechanical planarized and epi-ready.
SiC wafers were cut by the dicing saw in the cleanroom. Then each piece was cleaned
by sonication in acetone and isopropyl alcohol for 30 minutes separately. After that,
C-face SiC samples were etched by hydrogen at 1400 °C for half an hour in order to
grow graphene because C-face was not epi-ready. Hydrogen etching was used to make
an atomic-flat surface of SiC [39].

Figure 8 shows a schematic and a photograph of the graphite crucible used to

grow all the epitaxial graphene samples. The pressure in the tube was kept in the
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Figure 8: (a) Schematic of the graphite crucible used in the CCS method. (b)
Photograph of our graphite crucible. (c¢) Photograph of the entire annealing system,
including a quartz tube and an induction heater.

Figure 9: AFM images of epitaxial graphene grown on (a) Si-face SiC in UHV, (b)
Si-face SiC by the CCS method, (¢) C-face SiC by the CCS method. Images are taken
from reference [116].

1075 Torr range. Si vapor (gray dots) mostly remains inside the crucible, which has
a 1lmm diameter hole for the leak. However, in Chapter IV, a different cap with a
2mm diameter leak hole was used to grow N-graphene (N-Gr) at lower temperatures.

The first transport measurement on the epitaxial graphene was on the UHV-
grown sample. However, this type of graphene is defective and has low mobility
[1]. A comparison of UHV- and CCS-grown epitaxial graphene is shown in Figure
9. Graphene samples grown by the CCS method have a much more uniform and
ordered surface structure. The graphite-enclosed crucible greatly limits the escape of
Si vapor and thus maintains high Si vapor pressure around the sample. Thus, near
thermodynamic equilibrium can be reached at higher temperatures.

Another property of epitaxial graphene is that the graphene grows on both polar
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faces of hexagonal SiC. However, graphene on different faces has noticeably different
structures both physically and electronically. The following two sections discusses

these two types of graphene.
2.1.2 Si-face Epitaxial Graphene

Different from multi-layer graphene formed on the C-face of SiC, Si-face graphene

is usually difficult to grow after the initial few layers formed. In another words,

(a) (6V3%x6V3)R30 (6%6)

30.0 Rotation

04 02 0 02 04
ky(A'l)

Figure 10: (a) Schematic of the graphene-SiC (6\/§><6\/§)R30° structure. The
graphene lattice vector is rotated by 30° from SiC. Open circles are atoms in SiC
and filled circles are carbon atoms of graphene. The shaded area shows high sym-
metry points between the graphene and SiC lattice. (b) LEED pattern of monolayer
graphene grown on a 6H-SiC Si-face at 105 eV. (c¢) Band structure of monolayer Si-
face graphene through the K-point and perpendicular to the 'K direction. Images
are taken from references [97, 74].
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the thickness of graphene on the Si-face is easier to control. The surface of Si-face
graphene exhibits the famous (6v/3 x 64/3)R30° reconstruction pattern (see Figure
10(b)) first observed by Van Bommel [17]. This pattern is formed by surface recon-
struction between the first graphene layer and the SiC surface, as shown in Figure
10(a). However, little is known about this reconstruction. It is presumed that part
of the graphene layer is covalently bonded to the SiC surface [34]. Note that this
bond is not stable, so it can be broken by hydrogen intercalation at low temperatures
(<600°C) [61].

As a result of the surface reconstruction, the first graphene layer on Si-face SiC is
not electronically graphene even though it has a hexagonal graphene structure, that
is a “buffer layer.” As it does not have a Dirac cone, it could potentially be a semi-
conducting form of graphene [35]. The band structure shown in Figure 10(c) is taken
from a monolayer Si-face epitaxial graphene. The monolayer is another graphene
layer that has formed above the buffer layer. This layer of graphene, although still
having a 6v/3 structure, exhibits the characteristic Dirac cone. It also shows 0.5 eV
n-type doping of the band, which is a result of the depletion of the dopant carriers
in the substrate [33]. When multi-layer graphene forms on Si-face SiC, the band
structure dramatically changes. Because of the Bernal stacking of Si-face epitaxi-
al graphene, the linear Dirac cone band structure changes to parabolic bands and
eventually evolves to the graphite band structure as the number of layers increases

36].
2.1.3 C-face Epitaxial Graphene

For C-face epitaxial graphene, Van Bommel also pointed out its rotational disorder
[17]. Thus, little attention was devoted to C-face graphene in the initial stage of
graphene research. However, further investigation indicated that such a special rota-

tional stacking order happened to be the key feature of C-face graphene that allowed
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it to have a nearly ideal Dirac cone [51]. Unlike the Bernal stacking on the Si-face
mentioned before, the rotation angle between two graphene sheets on C-face can be
any commensurate angle [37]. Figure 11(a) shows a typical LEED pattern of the
thin C-face epitaxial graphene using the CCS method. In addition to graphene and
SiC spots, a diffused ring-shape intensity at the graphene radius, referred to as a
“graphene ring,” is observed. This graphene ring is from the commensurately rotat-
ed graphene sheets. One possible rotated graphene atomic structure is shown later
in Figure 18 in Chapter III. A scanning tunneling microscopy (STM) image of the
supercell formed by two rotated graphene sheets is also shown in Figure 11(b). A
detailed discussion of the pu-LEED image of such a supercell is given in the next chap-
ter (Figure 17). Although the structural model of C-face graphene remains unclear,
in the next chapter (Figure 25), we claim that the top layer of graphene is oriented
in a single direction and that only layers below the top layer are polycrystalline and
rotated differently.

Figure 11(c) is the ARPES measurement of multi-layer C-face graphene. The
Dirac cones do not evolve as Si-face multi-layer graphene does. Instead, the linear
shapes of Dirac cones persist in each layer because of the special stacking order of
C-face graphene, which decouples adjacent graphene layers. Therefore, each Dirac
dispersion at the K-point is preserved even for the multi-layer graphene [51]. Con-
firming this conclusion, Figure 11(d) shows a first-principle calculation of the band
structure resulting from various stacking orders. In summary, because of the stacking
order, multi-layer C-face epitaxial graphene grown by the CCS method still holds the

single-layer graphene band structure. It is not thin graphite.

2.2 Graphene Characterization Methods

After graphene growth by the CCS method, the next step is to characterize the

sample. Many surface characterization instruments can be used on graphene such as
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Figure 11: (a) LEED image of three- to four-layer C-face graphene. Graphene
spots, SiC spots, and the graphene ring are marked by arrows. (b) 200A x 200ASTM
image of a (4,5) supercell for C-face graphene with a relative rotation of 7.34°. (c)
Band structure through two K-points of two closely rotated graphene sheets and
perpendicular to the 'K direction. The rotation angle between two graphene sheets
is 4.2°. (d) Calculated band structure for isolated graphene (dots), Bernal-stacked
graphene (dashed line), and the R30/R2" fault pair (solid line). The inset is the
zoom-in at the K-point. Images are taken from references [37, 51].
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Figure 12: (a) Experimental setup of ARPES. Both polar angle 6 and azimuth angle
¢ can be resolved. (b) Schematic of a photo-in electron-out process. Images are taken
the ARPES entry in Wikipedia.
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AFM, Raman, SEM, and STM. This section introduces several main characterization

methods used in this thesis.
2.2.1 Angle-resolved Photoemission Spectroscopy

Since the Dirac cone is one of the most important features of graphene, scientists have
used various tools to directly measure the band structure of graphene. Angle-resolved
photoemission spectroscopy, “ARPES,” is the best tool for imaging the Dirac cone, as
shown in previous section. Because ARPES is a photoemission process, it belongs to
photoelectron spectroscopy (PES). PES is a general term that describes all techniques
based on the photoelectron effect. It was first observed by H. Hertz in 1886. The
basic idea of PES is simple; Photons are incident on the sample and photoejected
electrons are collected and analyzed by the detector, which provides the energy and
intensity information. In the case of ARPES, the energy analyzer detector is also
sensitive to the angular distribution of electrons. Thus, both energy and the angle
can be resolved at the same time in ARPES. From this data, the angle-energy space
images can be calculated into momentum-energy space to obtain the band structure.

Figure 12(a) shows a normal experimental setup for the ARPES measurement. A
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general photoemission process diagram is shown in (b). As a result of the conservation

of energy, we have

Ef—EB:hl/—Ekm—q)d, (7)

where E; is the Fermi energy, Ep is the binding energy of the photoelectron, hv is
the photon energy, Ej;, is the kinetic energy (KE) of the electron measured by the
analyzer, and ®,4 is the work function of the detector instead of the sample. This
equation is used to transform the measured electron kinetic energy to the binding
energy inside the material. Since only the parallel momentum of the photoelectron is

conserved, the following equation is applied to calculate the momentum,;

V 2Tnl?lmn

P sing & 05124/ By, sin O(A™), (8)

ky =

where k| is the momentum of the electron parallel to the sample surface, m is the
electron mass, h is the reduced Planck constant, and 6 is the polar angle shown in

Figure 12(a). Then it is straightforward to calculate the k, and k, separately as

kp & 0.5121/Epin sin 0 cos p(A ), (9)
ky, ~ 0.512y/Ejan sin 0 sin p(A™), (10)

where ¢ is the azimuth angle in Figure 12(a). Be aware that not all of the ARPES
setups follow this angle convention. Different equations are required for different
angle definitions.

All ARPES images used in this thesis were taken in the Cassiopée beamline at
Synchrotron SOLEIL in Gif-sur-Yvette, France. The high resolution Cassiopée beam-
line has a total measured instrument resolution of AF < 12meV using a Scienta R4000

detector with a +15° acceptance angle at hw =36 eV.
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2.2.2 X-ray Photoelectron Spectroscopy

Other than ARPES, another PES instrument widely used in contemporary research
is X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis (ESCA). Similar to ARPES, Equation 7 also applies to XPS. The
difference between XPS and ARPES is that XPS uses high energy photons to excite
core-level electrons while ARPES uses low-energy photons to excite valence band
electrons just below the Fermi level.

The most common X-ray source equipped in lab-type XPS is the aluminium K-
alpha source, which has the fixed photon energy of 1486 eV. For synchrotron-type
of XPS, photon energy can be tuned within a large range. Different photon energies
result in different elastic mean free paths. The following two chapters will provide
detailed information about how depth information of a particular chemical species
can be derived from XPS spectra with varying photon energies. The XPS spectra in
this thesis were taken either from Thermo K-alpha XPS in the cleanroom of Georgia

Tech or from various synchrotron beamline stations.
2.2.3 Spectroscopic Low-energy Electron Microscopy

To fully understand the surface structure, we require not only spectroscopy methods
but also microscopy tools. Spectroscopic low-energy electron microscopy (SPELEEM)
is one of the most powerful instrument for imaging the graphene surface as well as oth-
er two-dimensional materials. SPELEEM, low-energy electron microscopy (LEEM)
equipped with an energy analyzer, is able to acquire the real-time information of both
the chemical and structural properties of the material.

LEEM was first invented by Ernst Bauer in 1962 and became operational in 1985
[129]. Figure 13(a) shows a schematic of the principle of a LEEM system. Initially,
electrons emitted from an electron gun are accelerated by a high voltage (15-20 keV).

Then the electron beam is focused by a set of objective lens and deflected by a
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Figure 13: (a) Schematic of the experimental setup for LEEM [129]. (b) Typical
LEEM image of a few-layer C-face epitaxial graphene. The starting voltage is 2.8 eV
and the field of view (FOV) is 50 pm. (c¢) Typical XPEEM image of the same sample
area. The photon energy is 133 eV and the starting voltage is 26 eV.

magnetic beam deflector (see Figure 13(a)). While approaching the sample surface,
the electron beam is decelerated by the potential of the sample to a lower energy range
(1-100 eV). The elastic mean free path of such low-energy electrons is usually below
1nm, so the measurement has very high surface sensitivity. After scattered from the
surface, electrons accelerate again, pass the deflector and projector lens, and move
into the detector. A typical LEEM image of C-face epitaxial graphene is given in
Figure 13(b). Contrast in the LEEM image usually results from both diffraction and
phase contrast. In the case of Si-face graphene, the contrast can be a good indicator
for the thickness [119].

Another important function of the SPELEEM system is X-ray photoemission
electron microscopy (XPEEM). The physics principle of XPEEM is the same as that
of XPS, but it has a spatial imaging ability. Instead of illuminating the surface
with electrons in LEEM, the sample is illuminated with soft X-rays in XPEEM.
Photoelectrons are collected in the same way as in LEEM except that an energy
filter is used to select electrons with a specific energy for imaging. Figure 13(c) is
an XPEEM image of the same region as Figure 13(b) at Si 2p binding energy (~101
eV), where brighter regions represent higher Si 2p intensity. In this image, the Si 2p

intensity is from bulk SiC. Therefore, brighter contrast also indicates fewer layers of
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graphene.

In addition to LEEM and XPEEM, the SPELEEM system also holds other ad-
vanced techniques, including mirror electron microscopy (MEM), micro low-energy
electron diffraction (u-LEED), micro angle-resolved photoemission spectroscopy (u-
APRES) and dark field (DF) imaging. This thesis uses all of these techniques to
characterize graphene and discusses them in the order that they are presented. Ex-
periments were carried out at the I311-PEEM beamline at MAXlab synchrotron radi-
ation laboratory in Sweden and the Nanospectroscopy beamline at Elettra Sincrotrone

Trieste in Italy.
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CHAPTER II1

INTERACTION BETWEEN SILICON AND GRAPHENE

Carbon and silicon are the most important elements in our lives. While carbon
is the basis of life, silicon is the basis of technology. What happens if these two
basic elements interact? It turns out to be a very interesting scientific question.
This chapter aims to study a small subsection of this question; What happens if
silicon interacts with epitaxial graphene? In fact, silicon is extremely important for
epitaxial graphene grown by the confinement-controlled sublimation method. Because
graphene growth is determined by silicon vapor pressure. Silicon vapor pressure
controls the graphene growth temperature, growth speed, and its physical structure
(see Chapter IV). Therefore, it is critical that we understand the interaction between
silicon and graphene.

In this chapter, excess silicon is deposited onto the graphene surface and then
annealed at various temperatures. At low temperatures, silicon intercalates into the
graphene-SiC interface. At high temperatures, silicon tends to bond with carbon

atoms of graphene to form SiC.

3.1 Silicon Intercalation Into Graphene-SiC Interface

For epitaxial graphene grown on SiC, both the surface of graphene and the interface
between graphene and bulk SiC play a significant role in graphene growth and trans-
port properties [40, 41, 97]. It is well known that C-face graphene can be grown much
faster than Si-face graphene. The reason is recognized as different silicon diffusion
kinetics though those two different faces. The transport properties of two faces are
also quite different. The mobility on C-face graphene is almost an order of magni-

tude higher than on Si-face, although Si-face usually has a more ordered graphene
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Figure 14: (a) 50umx50um LEEM bright field image of 6H C-face sample at -0.05
V. (b) LEEM reflectivity spectrum from the center dark region of (a).
structure.

It is very important to understand and control the interface structure between
graphene and SiC. Work has already been done on characterizing the graphene-SiC
interface using LEED, STM [98] and XRD [44, 45]. Along with work on modifying the
interface by intercalating various atomic species including hydrogen [47], germanium
[46], and lithium [48].

This section discusses how silicon is intercalated into the C-face graphene-SiC
interface using a complete surface analysis of LEEM, XPEEM, XPS, and LEED
data. A large amount of silicon is proved to intercalate into the interface through
heterogeneous sites [115] starting from 970 °C | and the intercalation becomes very
rapid at 1020 °C. Graphene used here was grown from n-doped 6H-SiC by the CCS
method [116] at 1550 °C for 20min, and thermally annealed at 500 °C to clean the

surface.
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Figure 15: Si 2p core-level spectra and fits from the two monolayer (ML) graphene
region. Spectra are shown for before Si was deposited, after 1.4 ML of Si was deposit-
ed, and after Si was annealed at 1020°C for 10 seconds. The insert shows an expanded

view of the spectrum before Si deposition. The photon energy was hv = 133 eV. Solid
lines are the fit peaks.

3.1.1 Surface Characterization

Figure 14(a) is a 50 pm FOV LEEM image showing the initial graphene structure.
The black region in the center is a ~50umx20um uniform C-face graphene area,
where the LEEM reflectivity curve is shown in Figure 14(b). Former research on
quantized oscillation has indicated a direct relationship between number of graphene
layers and number of dips in LEEM reflectivity spectrum [119]. Therefore, the center
dark region is treated as bi-layer graphene. XPS and XPEEM results shown later
also indicate this area as bi-layer graphene.

A series of Si deposition and annealing experiments were carried out on the sample
while keeping the same LEEM FOV. Therefore, the whole area in Figure 14(a) can

be tracked during and after measurements to make sure data were acquired at the
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same sample region. Figure 15 shows the Si 2p XPS spectra from the bi-layer region
before Si deposition, after 1.4-layer Si deposition, and after 10 seconds annealing at
1020 °C. The inset is an expanded view of spectrum before Si deposition to show
the Si 2p signal from SiC underneath the graphene. Note that the SiC-Si intensity is
much lower than that after Si deposition because of attenuation of the photoelectron
by bi-layer graphene. The photon energy is hv = 133 eV, and the kinetic energy for
photoelectron of Si 2p is about 30 eV, so the measurement highly surface sensitive.
The spectra in Figure 15 are fitted with a combination of spin-orbit split Si 2p;
and Si 2p3/, peaks with 0.6 eV separation and a small peak at higher binding energy
(HBE), as shown in the solid line. The HBE peak is assumed to be from the interface
[52].

After 1.4ML of Si was evaporated at room temperature onto this bi-layer graphene
region, the Si 2p peak clearly shifts 1.4 eV to lower binding energy and becomes much
larger than that of the spectrum before Si deposition. Annealing at 970 °C does not
significantly affect the spectrum. However, after 10s annealing at 1020 °C, the Si 2p
peak decreases in intensity and shifts 0.22 eV to the higher binding energy (see Figure
15).

The apparent loss of Si signal could be a result of four main effects: (1) evaporation
of about a monolayer of silicon from the surface, (2) diffusion of a similar amount of Si
to heterogeneous defect sites to form Si islands or other three-dimensional structures
outside the photon beam, (3) intercalation of Si between graphene layers, and (4)
diffusion into the graphene-SiC interface. In the first and second cases, the Si signal
decreases would result from Si leaving of the probe area, while in the third and
fourth cases, the Si 2p intensity decrease may have resulted from the photoelectron
attenuation by graphene above Si. As we will show, further experiments and analysis
will indicate that the intercalation of Si into the graphene-SiC interface accounts for

most of the intensity drop.
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Figure 16: Si 2p intensity after 5 ML of Si has deposited (green open circles), after the
film has been annealed for 20 sec at 1020°C (blue open circles), and after additional

10sec annealing at 1020°C (red open circles). The small shift of peak following the
second annealing may results from surface work function change.
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First, Si evaporation can be easily ruled out because the Si evaporation rate at
1020 °C is less than 0.3 ML [49, 50]. Furthermore, Figure 16 shows that additional
annealing has no further effect on the Si 2p intensity after the first annealing, indi-
cating that the silicon on the sample is stable to the high temperatures once initially
annealed. This stability also rules out substantial diffusion to heterogeneous sites.
In fact, some Si does initially diffuse to heterogeneous sites [115]; however, the sta-
bility to further annealing suggests that this type of material flow quickly becomes
negligible. Three-dimensional Si islands can be also ruled out for two reasons. First,
at least 8-layer Si islands are required for the loss of Si 2p intensity. If these thick
islands formed, they would be seen by both LEEM and LEED, while we did not see
the islands. In addition, islands that cause the decrease in the pure Si 2p intensity
could also cause an increase in SiC-Si 2p intensity, since more area of SiC would be
exposed after islands formed, which was also not observed.

We performed three similar Si deposition and annealing cycles on the same bi-
layer graphene region. After each annealing, the Si 2p peak dropped from its initial
deposition value and remained stable with additional annealing at 1020°C. Moreover,
the Si 2p intensity increased after each cycle. In other words, the post-annealed stable
Si built up within the bi-layer graphene region, which was either intercalation between
graphene sheets or into the graphene-SiC interface.

We point out that none of the Si is intercalated between graphene sheets. This can
be demonstrated by using p-LEED and taking advantage of the unique stacking of C-
face graphene. C-face epitaxial graphene consists of sheets that are commensurately
rotated at non-Bernal angles [51, 53]. This stacking results in a graphene supercell
that can be seen in STM [51, 54, 55]. Because the size of each supercell is much
smaller than the typical size of LEED beam and because the vertical displacements
are small (~ 0.005nm) [56], the typical LEED pattern for C-face graphene is an

incoherent average of spatially separated supercells to form the diffuse ring shape at
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Figure 17: (a) u—LEED image at 96 eV from the bi-layer graphene region in Figure
14, where the Si 2p data is taken in Figure 15 and Figure 16. The principle diffraction
rods from two rotated graphene sheets are marked. The inset shows a blowup of the
reconstruction pattern. The reciprocal lattice corresponds to a (\/ﬁ x /57 )eR6.59°
reconstruction. (b) Simulated LEED pattern from the same (v/57 x v/57)gR6.59°

structure commensurated with SiC
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graphene radius [97].

Figure 17 is the p—LEED image from the same bi-layer region before silicon
deposition. The image shows a reconstruction pattern from two vertically stacked
but rotated graphene layers, g1 and ¢g2. Two graphene sheets are commensurately
rotated by 13.17°. This commensurate angle gives rise to a supercell that can be used
to index all spots in Figure 17. The supercell corresponds to a (\/ﬁ xv/57 )eR6.59° in
graphene units. The superstructure is not a result of adsorbates since it can persist up
to 1100°C. In addition, this v/57 structure is also commensurate with a (6x6)g;c SiC
cell with only ~ 0.4% strain, as shown in Figure 18. Therefore, the six SiC reciprocal
spots coincide with some graphene reconstruction spots as marked in Figure 17. The
intensity of these six spots has contributions from both the graphene corrugation
induced by the commensurate bi-layer structure as well as the SiC layer underneath.
However, the attenuation of elastic electrons reduces most of the intensity from the
SiC. Thus, the intensity of observed spots is mainly from the graphene /57 structure.
After 7-layer Si deposition and annealing, there is little effect on the LEED pattern. If
Si is intercalated between graphene sheets, this large amount of Si would dramatically
change the vertical distance between graphene sheets and would destroy the small
reconstruction corrugation, causing most of LEED spots to disappear. This indicates
that the Si must diffuse into the graphene-SiC interface.

Another direct evidence for Si intercalation into the graphene-SiC interface comes
from comparing the C 1s spectra before and after Si intercalation. Figure 19 shows
that the SiC-C 1s signal disappears after Si intercalation. This suggests that a large
portion of Si has diffused to the graphene-SiC interface and blocked the SiC-C 1s signal
without reducing the graphene-C 1s signal. Had Si intercalated between graphene
sheets, the intensity of graphene-C 1s would also have decreased.

A similar attenuation effect caused by interfacial Si can also be seen in normal

LEED. Figure 20 shows the LEED pattern from another region on the same sample
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Figure 18: Reconstruction lattice diagram of two graphene sheets (red and blue
circles) (v/57 x v/57)gR6.59° and top layer of SiC (black dots) (6% 6)g;c. SiC and
the red graphene sheet is rotated by 6.59° and 13.17° from the blue graphene sheet
respectively
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Figure 19: C 1s spectra before Si intercalation (open circles) and after intercalation
(pink dots).
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Figure 20: LEED patterns from; (a) covered graphene region where Si was not
deposited, and (b) from center graphene region where 7 ML of Si was deposited and
annealed. Note that the weak, but visible, SiC (1x 1) pattern in (a) is not visible in
(b). Both images were made at 72 eV.
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Figure 21: (a) Clean sample XPEEM image using the SiC-Si 2p peak at a kinetic
energy of 25.8 eV with photon energy hr = 133 eV. The labels indicate the number
of graphene layers determined by LEEM reflectivity and XPS spectra. (b) Intensity
profile across the vertical bar in (a) from the clean sample (blue open circles) and
after ~7 ML of Si has been deposited and ~6.3 ML intercalated into the interface
(solid red line).

after 7-layer of Si was deposited and annealed at 1020 °C. Figure 20(a) is taken on
the covered graphene region without any Si deposited. The pattern is a typical multi-
layer C-face graphene pattern, which includes both the graphene ring and SiC (1x1)
surface. Most of the intensity of SiC spots is from thin areas of the sample because
of the low electron mean free path at 72 eV. Figure 20(b) reveals a pattern from
the part of the sample exposed to Si after annealing. In this region, the LEED
pattern shows only the graphene ring. If the Si evaporated or remained on the
graphene surface, the diffraction pattern would be the same as in Figure 20(a) or
uniformly attenuated. Instead, only the SiC spots have disappeared. Like the SiC-C
1s intensity, the diffracted intensity from SiC has been attenuated by the intercalated
Si. Five images on different parts of the sample within the exposed area and five
images outside the area showed similar results. Thus, it is unlikely that thickness

variations within the sample are the cause of the lost SiC diffraction intensity.
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Figure 22: The Si 2p core-level spectrum after the 6.3 ML Si-intercalated sample was
exposed to air at room temperature and subsequently heated to 1200°C in vacuum.

Neither LEED nor XPS measurements showed the evidence of Si bonding to car-
bon atoms and converting to SiC after annealing at 1020 °C. Figure 21(a) is the
XPEEM image using SiC-Si 2p binding energy. Since varying thicknesses of graphene
attenuate the SiC signal differently, the image contrast represents graphene thickness
variances (brighter areas are thinner). Figure 21(b) shows cuts through a two-, three-,
four-, and two-layer graphene region of the sample as marked in Figure 21(a). The
cuts were before and after Si deposition and annealing. The plot shows that after Si

intercalation, neither the graphene boundary nor graphene thickness changes.
3.1.2 Graphene Structure Model after Si Intercalation

So far, we have shown that Si intercalates into the graphene-SiC interface. A quan-
titative determination of how much Si has intercalated requires a detailed analysis of
the XPS, XPEEM, and LEEM data from each deposition and annealing cycle. From
LEEM mirror mode images, which are very sensitive to surface height variations, no
significant change is observed. Thus, Si can be assumed to be uniformly distributed

both on the surface and in the interface in the model. Figure 22 shows the XPS
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Figure 23: (a) Model of how an N; monolayer Si film is redistributed after annealing.
Some of the surface Si has formed a carbide bonded to the top graphene layer. (b)
Schematic of the surface after 7 ML have been deposited and annealed. Note that
the surface Si and surface carbide are treated as part of the total surface coverage.
spectrum of the same sample after exposed to the air and annealed to 1200 °C. The
formation of silicon dioxide indicates a stable Si complex on the surface because it
can oxidize in the air, but the interfacial Si cannot. Therefore, a small portion of Si
is assumed to bind to the carbon atoms of the top layer of graphene.

The model used to analyze the experimental results is shown schematically in
Figure 23. In each cycle N; (i=1,2, and 3) layers of Si are deposited on the surface
(N; = 0.7 ML, N, = 1.4 ML and N3 = 5 ML). After each annealing at 1020 °C,
N,; layers evaporate, N;, = «;N; layers move to the SiC interface, and the remaining
Ny = (1 — a)N; — N,; are bound at the graphene-vacuum interface. As discussed
above, the model does not include intercalation of Si between graphene layers. The
total Si intercalated into the SiC interface is N, = ). Nj,. The measured Si 2p
photo-electron signal after annealing, Igf), has contributions from (1) the Si in the
graphene-SiC interface that is attenuated by both the Si within the interface and
the graphene above it and (2) the Si on the surface. The intensity before annealing,
1 é?, depends essentially on the amount of Si deposited because the surface Si and
the graphene are able to attenuate any Si signal effectively from the interface. This
assumption is reasonable because the electron mean free paths in graphene and Si

(A and Ag;, respectively) are small (see below) at the kinetic energies used in these
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experiments.
Assuming that the cross sections of Si 2p are the same for all kinds of bonding,

the relative intensity change I'S(Z ) /I é? can be written as

I’(l)
;%:1—ay+mE%WMH—(L—mﬂ%ﬂ—e%W“ﬂ (11a)
Si
IZG(?) —2dg /A
70 = {No(1 — az) + Nip — Noe + (N1g + Nocrg)e™ =49/ %9
Si
X [1 — (NQ(l - OZQ) + Nlb - NQE)](l - C_dSi/)\Si)}/{(l + [Ng + Nlb - 1]6_d5i/>\5i)}
(11b)
]/(3)

5 = Vi Nt (1= 09) Ny = N2/ /(1 25) e [(1 = #55)] (110
St

where dg; and d, are the bulk Si and graphene interlayer spacing, respectively. In
Equation 11a, the evaporated Si in the first step, V1., is assumed to be zero because of
the formation of a partial monolayer stable carbide, as discussed above. Furthermore,
in the third deposition (Equation 11c), where the Si interface layer has become very
thick (i.e, N,dg; > \g;), the interface Si is treated as an infinite film.

The mean free path in Si at the kinetic energies in the experiments is 3.3A[57]
The mean free path in graphene at such low kinetic energy is less well known and
estimated by comparing the Si 2p intensity from a 5-layer Si film on graphene to the
Si 2p from SiC attenuated by two graphene layers, which is done by assuming that
the Si film is uniform and that SiC is also bulk terminated. A, is therefore estimated
to be 2.8 = 0.1A.

The bulk Si evaporation rate is used as the upper limit estimate for N,; for both
the second and third annealing cycles. This yields N,y = Ng = 0.3 ML, which is
small compared to the total deposited Si. Therefore, it does not affect the calculation
of the intercalated Si. However, it does affect how much Si remains on the surface.

Using the experimentally integrated Si 2p intensities, Equations 11a-11c¢ can be

*Estimated from bulk evaporation rate.
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Table 1: Fit parameters for each cycle. All coverages are in monolayers.

Cycle Deposited Si  «;(%) Intercalated N.* Surface

1 0.7 69 0.5 0 0.2

2 1.4 71 1.0 0.3 0.1

3 5.0 96 4.8 0.3 -0.1
Total 7.1 89 6.3 0.6 0.2-0.5

solved for the three cycles. The results are summarized in Table 1. A total of 6.3-layer
of Si were intercalated into the graphene-SiC interface. The 0.8 ML either evaporated,
diffused to heterogeneous sites, or remained on the surface. If the evaporation rate
is set to be 0.3 ML per cycle as discussed above, then an upper limit of 0.8-0.6=0.2
ML of Si remains unaccounted for (presumably by diffusion to heterogeneous sites).
Another way of estimating the Si remaining on the surface is to compare graphene
C 1s spectra before and after intercalation, which yields about half monolayer of Si
above the graphene.

The reason why Si prefers to intercalate is not known. However, at 1020 °C, the
SiC phase diagram predicts that any excessive Si will stay segregated. Since the
excessive Si has the choice of wetting either the graphene on the surface or both
the graphene and the SiC interface, the lower-energy choice is intercalation into the
interface. From an equilibrium point of view, this excess Si should bond to excess
carbon, which is graphene, to form a new stable SiC structure. The reason why
the Si does not bond to carbon is probably because of the low temperatures used in
these experiments. Therefore, in next section, higher temperatures are explored; The

results show more direct and interesting interaction between graphene and silicon.
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3.2 Graphene-SiC Transformation on C-face Graphene

The last section has shown that up to 6 layers of Si rapidly diffuse from the C-face
graphene surface to the graphene-SiC interface at 1020°C. The next goal is to reverse
the process and remove the intercalated Si to control and modify the interface. The
idea is to anneal at higher temperatures so that the interfacial Si can evaporate and
diffuse out through the heterogeneous sites [115]. However, to prevent more graphene
layers from forming, the higher temperatures have to be lower than the graphene
growth temperature, which is around 1550 °C.

In this section, Si is deposited on C-face epitaxial graphene and then annealed
at various higher temperatures. LEED and XPS are used to analyze the surface
structure. The results show that Si on the graphene surface is able to bind to the

carbon atoms of graphene to form SiC before significant evaporation.
3.2.1 LEED Measurements of SiC Formed on C-face Graphene

This experiment consists of two C-face graphene samples (A and B). Both were
grown from an n-doped (n =2 x 10®cm~2) 4H-SiC using the CCS method. Since
there is no LEEM measurement on these two samples, the thickness is determined by
an ellipsometer. Sample A is 34A and sample B is 24A. Then sample A and B had
20A and 100A silicon deposited, respectively, by E-beam evaporation, and transferred
into a UHV anneal/LEED chamber immediately to minimize oxidation. The oxidized
Si is estimated to be a few angstroms [58]. The annealing chamber is connected to
the LEED chamber in the same UHV conditions. Thus, no further oxidation took
place between the annealing step and the LEED measurement.

Figure 24 shows the LEED images of sample A after 20A Si deposition and anneal-
ing at three different temperatures for one minute. The first annealing temperature
is 1000 °C, at which temperature Si intercalated into the interface as discussed in

the previous section. Figure 24(a) confirms the intercalation by showing only C-face
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Figure 24: LEED images of sample A after Si deposition and annealing at; (a)
1000°C, (b) 1100°C, and (c) 1200°C for 1 minute. All LEED images were taken at
60 eV.
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graphene pattern (no SiC spots). Since one minute is too short for the entire Si to
evaporate, and the LEED image exhibits no Si related pattern, the leftover Si must
have remained at the interface. Note that no SiC (1x 1) spots show up because of
the attenuation by both thick graphene (~ 10 layers) and the interfacial Si.

Then the same sample was annealed again at 1100 °C and 1200 °C. LEED im-
ages after each annealing are shown in Figure 24(b) and (c). Ordered SiC (1x1)
spots started to appear after 1100 °C annealing and became more apparent after the
1200 °C annealing. Both images look like thin C-face graphene (2 ~ 3 layers) LEED
patterns because of a smaller attenuation of the SiC signal. However, it is impossible
for 7-8 layers of graphene to disappear at such low temperatures. Therefore, the only
explanation for the LEED patterns is that, starting from 1100 °C, the interfacial Si
evaporated and diffused out to the surface. Once at the surface, the Si bonded to
carbon atoms of graphene to form SiC (1x 1) structure. More interfacial Si diffused
out at 1200 °C than that at 1100 °C and continued to form SiC. The formed surface
SiC should be no more than a monolayer since the graphene signal is still strong
without significant attenuation by the SiC that has formed above graphene.

It is important to note that, in Figure 24(b) and (c), the surface SiC (1x1) spots are
rotated by 30 degrees from the graphene (1x1) spots, which indicates that the newly
formed surface SiC has the same single orientation as the bulk SiC. Furthermore,
since the surface SiC forms based on the orientation of the top graphene layer, these
results also imply that the top graphene layer is single oriented with 30° from the bulk
SiC. If the top layer is polycrystalline and has many other orientations, the surface
SiC will follow these orientations, and its LEED pattern should be a diffused ring
similar to the graphene ring. Thus, the C-face graphene commensurate rotation that
we mentioned in Chapter II occurs only in graphene layers below the top layer.

So far, LEED measurements have shown that thin SiC structure started to form

on top of graphene by depositing Si and annealing at 1100 °C. The reason why only

41



(a) (b)

graphene
3%3

2X2

Figure 25: LEED images of sample B after Si deposition and annealing at; (a)
1100 °C, (b) 1200 °C, (c) 1300 °C, (d) 1400 °C for one minute. SiC (2x2)g;c and
(3% 3)gic reconstruction patterns are marked in (b) and (c¢). All LEED images were
taken at 60 eV.

a partial SiC layer formed presumably results from the small amount of initial Si
deposition (QOA). Therefore, for sample B, we deposited 100A Si following the same
annealing steps to check whether more SiC could form.

Figure 25 shows the LEED images of sample B after 100A of Si was deposited
and annealed at four different temperatures. Note that sample B was also annealed
at 1000 °C at first. The LEED pattern was exactly the same as that of sample A,
shown in Figure 24(a). Figure 25(a) shows the pattern after the 1100 °C annealing
(same temperature as in Figure24(b)). The SiC (1x1) spots are much stronger than

those of sample A. This confirms that the surface SiC structure started to form after
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1100 °C annealing. However, given that the graphene ring was also visible and not
totally attenuated, the surface SiC has to be only a few layers (~ 1 — 2 layers) based
on the electron mean free path of ~1nm. Therefore, most of Si still remained at the
graphene-SiC interface.

Then sample B was heated to the same 1200°C annealing temperature and in the
same way as sample A in Figure 24(c). However, the LEED pattern is very different.
Figure 25(b) shows that SiC (1x1) became dominant and graphene ring had almost
disappeared with only weak graphene (1x 1) spots remaining. Moreover, (2 X 2)g;c
and (3 X 3)g;c reconstruction patterns started to show up in the LEED and became
more evident when annealed to 1300 °C (see Figure 25(c)).

The disappearance of the graphene ring indicates that, after annealing at the
higher temperature, more interfacial Si had diffused back onto the surface and atten-
uated the graphene signal. The (2x2)g;c and (3x3)g;c reconstruction structures are
two patterns often seen when the SiC surface is decorated with Si and annealed ~
1100°C in UHV [61]. The reason why a higher temperature (1200 °C) was required
in this experiment than it was in UHV is because of the closed crucible, which raised
the Si vapor pressure to a much higher level than in the UHV environment.

Figure 25(d), the LEED image after annealing at 1400 °C, shows all reconstruc-
tion patterns disappeared, while the graphene ring returned and SiC (1x1) became
weaker. This LEED pattern indicates that most of the surface Si evaporated out at

1400°C and an ordered and thin SiC film was left on the surface.

3.2.2 XPS Analysis on SiC Formed on C-face Graphene

In the last section, LEED experiments were used to prove that the interfacial Si
started to diffuse back onto graphene surface and form SiC by bonding to carbon
atoms of graphene after annealing to 1100 °C. XPS measurements and analysis of

these two samples were also performed after the final annealing; 1200 °C for sample
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Figure 26: C 1s core-level spectra and fits from (a) sample A before Si deposition
and annealing, (b) sample A after Si deposition and annealing at 1200°C, (c¢) sample
B after Si deposition and annealing at 1400 °C. Open circles are acquired data and
solid lines are the fits. Fitted peaks and background have been offset down to make
figures more clear. The photon energy is 1486 eV.

A and 1400 °C for sample B.

Figure 26(a) shows the C 1s core-level spectrum of sample A after graphene growth
and before Si deposition. The graphene C 1s peak at 284.49 eV was fitted using a
Lorentzian asymmetric lineshape in CasaXPS with an asymmetry index 0.34. The
SiC-C 1s peak at 283.45 eV was fitted using a summed Gaussian-Lorentzian function
with a 30% Lorentzian. As shown in Figure 26(a), the graphene and SiC peaks are
well separated by 2 eV typical for the normal C-face graphene. Note that the data

and the envelop of the fitted peaks were offset in intensity to make peaks clearer.

After the Si was deposited and annealed at 1200°C, a new peak appeared, shown
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Figure 27: Si 2p core-level spectra and fits from sample B (a) before Si deposition
and annealing. (b) sample A after Si deposition and annealing at 1400 °C. Open
circles are acquired data and solid lines are the fits. The photon energy is 1486 eV.
in Figure 26(b). From the discussion in the previous section, the additional peak
should be the surface SiC-C 1s peak. However, the binding energy of surface SiC is
higher than that of bulk SiC. The reason for the increased binding energy is the band
bending on graphitized C-face SiC [88, 87]. Therefore, the C 1s spectrum confirms
the formation of surface SiC after depositing Si and annealing. It is worthwhile to
point out that the graphene to bulk SiC peak ratio shows only a small change after
annealing. This indicates that little or no Si remains at the graphene-SiC interface
to attenuate bulk SiC after annealing at 1200 °C.

The C 1s spectrum of sample B after 1400 °C annealing is shown in Figure 26(c).
The ratio between graphene and bulk SiC is smaller than that of sample A because of
fewer graphene layers of sample B (24A). Since the amount of deposited Si on sample
B is much higher than that on sample A, the surface SiC-C 1s peak is also higher.
This is also consistent with the LEED image in Figure 25(d), which shows that the
SiC (1x1) spots are stronger and narrower (i.e., more ordered).

Si 2p spectra were also taken before and after Si deposition and annealing (see
Figure 27(a) and (b)). In (a), since the Si 2p peak is only from SiC, the peak can

be fitted with a single set of spin-orbit split Si 2p;/, and Si 2ps/» peaks (0.6 eV
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separation), the same as in Figure 15. After depositing Si and annealing at 1400 °C,
the width of the peak expanded (see Figure 27(b)), which implies the involvement of
additional peaks. The new spectrum can be fitted by adding another set of Si 2p
and Si 2p3/; peaks from SiC on the surface. The binding energy separation between
two sets of spin-orbit split peaks is 0.75 eV, which is also consistent with C 1s spectra
splitting.

In summary, both LEED and XPS results prove that the interfacial Si intercalated
into C-face graphene at 1000°C is able to diffuse back onto the graphene surface after
annealing at high temperatures (1100 °C-1400°C). Once at the surface, it forms SiC

by binding with carbon atoms of the top graphene layer.
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CHAPTER IV

SEMICONDUCTING GRAPHENE GROWN FROM
NITROGEN-SEEDED SIC

Last chapter presented detailed research that leads to a greater understanding of
the interaction between two fundamental elements: silicon and carbon (graphene).
With regard to the fundamental element, nitrogen, which is the most abundant pure
element on earth, also plays a significant role in scientific research nowadays. This
chapter will reveal how a small amount of nitrogen is able to transform epitaxial

graphene.

4.1 Semiconducting Graphene with Wide Band-gap Grown
from Nitrogen-seeded Si1C

The goal of developing all-carbon electronics requires the ability to dope graphene and
convert it between metallic and wide band-gap semiconducting forms. While doping
graphene by adsorbates or more elaborate chemical means has made rapid progress
[46, 64, 65, 66, 67, 68, 69], opening a band-gap in graphene has been problematic.
Two routes to wide-band-gap semiconducting graphene have been pioneered: electron
confinement and chemical functionalization. Electron confinement in lithographically
patterned narrow graphene ribbons has been plagued by lithographic limits and edge
disorder [70, 71, 72, 73], although recent results from sidewall grown graphene ribbon
are showing new progress that could lead to band-gaps larger than 0.6 eV [74, 75].
Functionalized graphene band-gaps can be produced by imposing a periodic potential
in the graphene lattice through ordered adsorbates [76, 77] or ordered impurities
replacing carbon atoms [78].

This section demonstrates a novel approach to band-gap engineering in graphene
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using a nitrogen seeded SiC surface. Rather than using chemical vapor deposition
(CVD) or plasma techniques to dope graphene by post seeding the films with nitrogen
(67, 68, 69, 79], we show that a submonolayer concentration of nitrogen adsorbed on
SiC, prior to graphene growth, causes a large band-gap to open in the subsequently
grown continuous graphene sheets. Using XPS, STM, and ARPES, we show that a
0.2ML concentrations (measured in a real density of the SiC (0001) surface: 2.1 X
10"em™? ) of nitrogen bonded to SiC at the graphene-SiC interface leads to a 0.7 eV
semiconducting form of graphene.

The band-gap is not a result of chemical functionalization since the concentra-
tions used in these studies are expected to have little effect on the band structure
of graphene [80, 78]. Instead, STM topographs and dI/dV images showing that the
graphene is buckled into folds with 1-2nm radii of curvature suggest two possible
origins for the gap: either a quasi-periodic strain [114] or electron localization in the

1-2 nm wide buckled ribbons [83].
4.1.1 N-graphene Growth

The substrates used in this study were n-doped (nitrogen) 4H-SiC. To produce the
initial nitrogen surface layers, SiC substrates were loaded into a 900°C furnace under
a 500 sccm Ar flow and heated to 1175°C over a one hour ramp. The samples were
then kept at 1175 °C for two hours with 500 sccm NO flow [125]. Nitrogen atoms
attached to both the Si-face and the C-face (see Figure 28). After that, samples were
cooled down to 900°C under a 500 sccm Ar flow and unloaded from the furnace. The
surface silicon dioxide grown through this annealing process was removed by diluted
hydrofluoric acid (HF) or buffered oxide etch (BOE) before graphene growth.
During the graphene growth process, the stability of nitrogen at the SiC surface is
very important, because we do not want the nitrogen to desorb before the graphene

has grown. To investigate the desorbing of the nitrogen, we performed series of
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Figure 28: Nitrogen 1s core-level spectra after annealing at different temperatures
on (a) C-face from 900 °C to 1565 °C and (b) Si-face from 900 °C to 1200 °C. The
photon energy is 1486 eV.

annealing experiments on both faces of nitrogen-seeded SiC at various high tempera-
tures (see Figure 28). On C-face SiC, the surface nitrogen coverage was stable up to
1400°C. However, once the sample was heated to the usual graphene growth temper-
ature of 1565°C, no nitrogen signal was observed in the XPS spectrum. The nitrogen
stability on the Si-face was even worse. The nitrogen peak almost disappeared by
1200 °C. In fact, graphene is able to grow at temperatures of as low as 1100 °C on
C-face SiC [97]. The best graphene is grown at higher temperatures (~ 1550 °C) in
a near equilibrium silicon flux that is sustained in the CCS furnace [116]. In order
to maintain a significant nitrogen concentration during growth while maintaining as
high a growth temperature as possible, the leak hole size of the crucible was adjusted
from 1mm to 2mm. A slightly larger size of the leak hole is able to lower the graphene
growth temperature to 1450 °C because of lower silicon vapor pressure.

Nitrogen coverage as a function of temperature for C-face SiC is shown in Figure
29. The oxygen signal is a native oxide that formed each time the sample is annealed in
the furnace and taken in air to the XPS. Once the sample is heated to graphene growth
temperature, the oxide will evaporate so that no oxygen remains on the surface. This

is also demonstrated in Figure 30 that compares C 1s spectra between normal C-face
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Figure 29: N 1s and O 1s XPS intensity vs temperature for a SiC C-face nitrogen-
seeded surface.
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Figure 30: C 1s spectrum from clean multi-layer C-face graphene and 3-layer N-
seeded graphene with hrv = 1486 eV.
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graphene and nitrogen-seeded graphene. Once the epitaxial graphene samples are
removed from vacuum and transported in air, neither carbon nor silicon oxide forms.
These graphene films are extremely stable to oxide formation.

Figure 30 also shows very little difference between the C 1s spectra of pristine
graphene grown on C-face SiC and graphene grown from nitrogen-seeded SiC. There
is less than 0.1 eV between the C 1s peak for the clean and nitrogen-seeded graphene,
which indicates a negligible change of surface Schottky barrier height when nitrogen
is added.

Figure 31 is a more detailed XPS analysis before and after graphene growth on
nitrogen-seeded SiC. After nitrogen was seeded onto SiC, there is a strong N 1s peak
at 398.9¢V in Figure 31(a) with full width at half maximum (FWHM)= 1.4eV. The N
1s peak binding energy and broad width are consistent with a range of calculated sites
that are likely resulting from two- and three-coordinated nitrogen in substitutional
carbon sites in the graphene lattice as well as nitrogen bonded to interfacial silicon
and carbon atoms [84]. The nitrogen coverage, Ny, is estimated from the ratio of the

N 1s to Si 2p intensities

In osi
Ny =&
Ision

where Iy and Ig; are the N 1s and Si 2p XPS intensities, oy and og; are the photoion-
ization cross sections of N and Si [126, 127]. ng; =4.8x10%?/cm? is atomic density of
Si in SiC. For this work, we use a mean free path in SiC of A = 2.2nm at hv = 1486
eV.

In these studies the integrated N 1s XPS intensity corresponds to a starting nitro-
gen concentration of ~0.3ML (~3.9x10*cm ™2 of N on the 4H-SiC C-face. The XPS
data of Figure 31 shows that a large fraction of this N remains at the SiC-graphene
interface after graphene growth at 1450 °C. We suggest a model where a portion of

the remaining nitrogen is not incorporated into the graphene but instead pins the
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Figure 31: (a)-(c) XPS spectra from SiC C-face before and after growth of a 3-layer
graphene film. (a) N 1s, (b) C 1s, and (c¢) Si 2p (hv = 1486 eV). A 1.3 eV shift
after graphene forms is shown (dashed line). (d) and (e) XPS spectra for an 8-layer
graphene film grown from the nitrogen-seeded C-face SiC using photon energies of
500, 600, and 900 eV. The intensities have been normalized to the graphene C 1s peak.
(d) N 1s spectra at the same photon energies as (e). Insert shows the 2-component
fit to the N 1s peak. The purple, red and blue bars in (d) mark the expected peak
positions of pyrrolic, graphitic and pyridinic N-inclusions in graphene, respectively
(69, 79]. (e) XPS of the C 1s spectrum for the same photon energies in (d). Insert in
(e) shows the SiC portion of the C 1s XPS spectra. (f) The trend in photoelectron
intensity versus photoelectron KE energy from an 8-layer graphene sample for the
SiC-C 1s, graphene C 1s, and the two N 1s XPS peaks. Absolute intensities have
been scaled by arbitrary factors to highlight the energy trend for each peak.
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Figure 32: Schematics showing how graphene layers grow from nitrogen-seeded SiC.
(a) Most of the nitrogen, Ng, is bonded to Si atoms (magenta) in carbons sites. The
remaining interfacial nitrogen, Np, is bonded to both the SiC carbon atoms (green)
and the graphene, pinning it to the SiC. As the graphene grows and the SiC recedes,
nitrogen remains at the SiC interface. (b) and (c) both show that the buckling
amplitude in layers farther from the surface is reduced as strain is relieved.
graphene to the SiC to produce buckled semiconducting graphene.

After growth, the graphene C 1s peak develops at 284.5 eV (see Figure 31(b)).
The C-x peak at 286 eV is from “adventitious carbon” contamination in the initial
surface [85]. No oxides (C-O or Si-O) are measurable once the graphene has formed.
We note that both the SiC-Si 2p and SiC-C 1s peaks shift 1.3 eV to lower BE once the
graphene forms (see Figure 31(a) and (c)), consistent with the known band bending
on graphitized C-face SiC [87, 88]. The C 1s peak is essentially identical to clean
C-face graphene as discussed in Figure 30. After growth, the N 1s peak is shifted
by 1.5 eV to lower BE (a net shift of -0.2 eV) and the total nitrogen concentration,
as determined by XPS, reduces to ~ 2x 10 /cm?, ~ 0.2ML. The post growth N 1s
peak can be fit with two narrow pseudo-Voight peaks at 398.0 eV and 397.4 eV (with
FWHM of 0.8 and 0.9 eV respectively), labeled as Np and Ng (see the insert in
Figure 31(d)). It is important to note that there are no other HBE N 1s peaks in
the spectrum that would normally be associated with common nitrogen incorporation
sites in the graphene lattice [69]. In other words, little if any nitrogen is incorporated
into the graphene lattice.

The dominant peak at 397.4 eV, labeled as Ns, is usually associated with N-SiC

bonds. Specifically, nitrogen in carbon sites bonded to Si atoms at the SiC interface as
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shown in Figure 32(a) (see Appendix A) [89]. The weak Np peak at 398.0 eV (~25%
of the total nitrogen coverage) is in the energy range associated with pyridinic nitrogen
sites in graphene [90, 84, 68, 67], but can also be associated with other sp® and sp? C-
N bonds in carbon nitride films [107]. Photon energy-dependent XPS measurements
in Figure 31(d),(e), and (f) and STM images described below indicate that Np is
not pyridinic nitrogen but is instead a second C-N compound at the graphene-SiC
interface that pins the graphene to the SiC (see Figure 32(a)).

Figures 31(d) and (e) show XPS spectra of N 1s and C 1s at various photon
energies. A photon energy of hv = 500 eV produces photoelectrons with the shortest
mean free path of the three photon energies used in these experiments and is therefore
the most surface sensitive of the three. In Figure 31(e) the more surface sensitive
spectra have the weakest SiC-C 1s, indicating that the SiC spectra is attenuated
by the graphene layers above. The N 1s peak is similarly weakest at this energy
indicating that most of the nitrogen is at the interface. We also note that the ratio of
Ng and Np peak intensities is independent of photon energy. This is demonstrated in
Figure 31(f), where the intensity of two peaks have essentially the same kinetic energy
dependence with SiC. These two findings confirm that the Np peak is associated with
a nitrogen site at the SiC-graphene interface and is not a pyridinic nitrogen inclusion
in graphene.

The XPS results shown in Figure 31(a) make clear that while a significant portion
of the nitrogen desorbs during the high temperature (1450°C) growth, the remaining
nitrogen is maintained in a stable concentration of sites at the graphene-SiC interface.
This implies that any high energy substitutional nitrogen sites that develop in the
growing graphene film are annealed out and remain bonded at more favorable sites at
the SiC interface. Assuming a uniform distribution of Ng and Np sites, the average
distance between nitrogen atoms is ~0.9nm for Ng sites and ~1.5nm for Np sites. A

length scale comparable to the Np average spacing will be seen again in STM results
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Figure 33: The ARPES band structure taken with Aw = 36 eV near the K-point
of (a) clean 3-layer graphene (T=100K), (b) 3-layer graphene with a 0.2ML nitro-
gen SiC(0001) surface (T=300K), and (c) 8-layer graphene from a 0.2ML nitrogen
SiC(0001) surface (T=300K). k, is perpendicular to the 'K direction. Note the d-
ifferent energy and momentum scales for (b) and (¢) compared to (a). (d) Energy
distribution curves through the Dirac point in (a), (b) and (c) show the 0.7 eV gap for
3-layer films that reduces to 0.45 eV for 8-layer films. Note that the apparent energy
broadening observed near E in the nitrogen samples compared to the clean surface,
is entirely resulting from the temperature difference between the two measurements
that broadens the 300K Fermi-Dirac function.

from these same films and will be important in understanding the band structure of

this material.
4.1.2 Band-gap Opening

The interfacial N-preparation method used here causes a band-gap to open in graphene’s
7 bands. We demonstrate this using high resolution ARPES from graphene films tak-
en at the graphene K-point (rotated 30° from the SiC < 1010 > direction). Figure
33(a) shows the typical band dispersion perpendicular to the I'K direction at the
graphene K-point from a clean C-face 3-layer graphene film. As the ARPES shows,
pristine 3-layer C-face graphene consists of linear m-bands (Dirac cones) with little
or no doping [115]. The band structure of a graphene film with 0.2ML interface N-
content is dramatically different as seen in Figure 33(b) and (c¢). When interfacial
nitrogen is present, a band-gap has developed. Figure 33(d) shows energy distribu-

tion curves (EDC) through the K-point at k, = 0 from (a), (b), and (c). Unlike
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Figure 34: (MDC made at BE=-1.5 eV from the Dirac cone in Figure 33(a). A
double Gaussian peak fit (red line) is shown.

pristine graphene, the peak in the EDCs from the nitrogen-seeded samples are shift-
ed to HBEs indicating a valence band maximum corresponding to an energy gap.
Figure 33(d) shows that the 3-layer N-seeded sample has a 0.7 eV gap (depending on
the position of the conduction band minimum), while the 8-layer film has a smaller
0.45 eV gap (a 4-layer film, not shown, confirms this trend). The C 1s spectra from
clean and N-seeded samples in Figure 30 show that the valence band spectra can-
not be resulting from an energy shift caused by band bending changes in different
samples. We also note that the effective velocity, v, derived from a linear approxima-
tion to E(k), is reduced compared to vg, consistent with the opening of a band gap.
Within a small k,-range around the Dirac point (Ak, ::I:O.15A_1)7 both the 3- and
8-layer samples have the same v within the error imposed by the ARPES broadening
(0=0.8+ 0.05x 10°m/sec).

Another point of the ARPES image in Figure 33(b) is that a small bump in the
clean samples’s EDC occurs at a binding energy of ~0.5eV. This bump is a result of
the Dirac cone of another rotated graphene sheet in the layer below (see for example
in references [93] and [115]).

The 7-bands are significantly broadened in k, relative to the instrument limited
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graphene grown on pristine graphene. The momentum broadening is seen more clearly
in momentum distribution curves (MDC) taken at £ — Ep=—1.5 eV in Figure 34.
The MDC was fitted to two Gaussian peaks for the the 7 and 7* bands. The width
was found to be Ak ~ 0.25A~1. A large part of the EDC energy broadening and
the momentum broadening is because of the corrugation of the graphene surface
(the corrugation is demonstrated in STM results presented below) [94, 95]. Small
modulations in the local graphene height cause a local angular variation in the surface
normal. Since the surface normal determines the orientation of the graphene Brillouin
zone, the corrugated surface leads to local k, and k, shifts relative to a flat surface
K-point. This leads to an ARPES image that is an area average of a distribution
of parabolic cuts through Dirac cones from locally tilted graphene resulting in an E-
and k-broadened spectra. While this explains part of the broad intensity distribution
between the valence band maximum and Er. A more detailed STM analysis suggests
how the gap forms and an additional broadening of the EDCs.

STM images of the nitrogenated graphene show that the films are not flat like
typical C-face graphene films [54]. Figure 35(a) shows the highly buckled topography.
A close up view of a buckled regions in Figure 35(b) shows that the fold is made of
intact graphene. Note that there are no indications of nitrogen inclusions like those
seen in CVD and plasma created nitrogen [96, 79]. The folds are ~ Inm (no more
than 2nm) high and 2-4nm wide giving a radius of curvature of 1-2nm. These folds
meander and can extend up to 25nm but are typically 5nm long. Figure 35(c) shows
an STM topographic image of a region with several folds. A dI/dV image in Figure
35(d) of a small region between folds confirms that the graphene sheet is continuous.
We note that these foldings are not a property of epitaxial graphene. The root mean
square (RMS) roughness is less than 0.005nm for graphene films without nitrogen
[97].

It is important to point out that the 2-4nm width of these folds is consistent with
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Figure 35: (a) 50 x 50nm? STM image of a 3-layer graphene film grown from a 0.2ML
nitrogen-seeded C-face SiC (bias voltage, Vg =0.1V). The image shows a pattern of
folds. (b) A topographic image of a fold showing the graphene lattice (V=0.1V).
(c) A 10x10nm view of the graphene folds. (d) A magnified dI/dV images of folded
graphene showing that the graphene is continuous over the folds and in the valleys.
(e) A dI/dV image of a region in (c). The image shows that the tops of the folds are
bright in the dI/dV image indicating a high density of states.
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Figure 36: The Raman spectrum of a 3-layer graphene film with 7 at% nitrogen as
determined by XPS and ellipsometry. The SiC background signal has been subtracted.
the 0.25A" Ak broadening of the ARPES spectrum. In ARPES, Ak~ 27 /L where
L is the average coherent domain size. This allows us to estimate L ~ 2.5nm from
the ARPES broadening. In addition to the scale of the finite size domains measured
by ARPES, the mean separation between Np nitrogen atoms, determined by XPS, is
1.5nm; only slightly smaller than the width of the folds determined by STM.

That fact that three different techniques measure similar length scales is not a
coincidence. A model consistent with these results is shown in Figure 32. During
the high temperature growth, Si evaporates leaving a carbon rich surface with N-
impurities. As the graphene layer crystalizes from this film at high temperature,
N atoms in high energy interstitial graphene sites are expelled from the growing
graphene. Some of these nitrogen desorb while the others re-bind to the SiC as either
Ng or Np nitrogen (see Figure 32(a)). The interfacial nitrogen atoms (Np) act as
pinning sites that lock the graphene to the SiC. This is supported by a large D-peak
in Figure 36 Raman spectra consistent with a significant concentration of sp3-like
bonds that would be associated with graphene-N bonds. These sp® bonded C-N-

SiC sites constrain the graphene to a length scale related to the starting nitrogen
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concentration. Since the N-constrained graphene is no longer commensurate with
the SiC, a strain develops in the film that forces the graphene to buckle. These
folds are similar to the differential thermal expansion induced strain pleats normally
observed in epitaxial graphene [97]. Although the folds in this study are much smaller
in both length and width. Unlike the pleats, the length scale between folds is set
by the strain field induced by the interfacial nitrogen concentration. As the next
graphene layer forms, Si evaporation causes the SiC interface to recede along with
the interfacial nitrogen as shown in Figure 32(b) and (c). As each new graphene layer
forms the process is repeated leaving a stack of m-bonded graphene layers with only
the last layer nitrogen bonded to the SiC. The buckling period remains determined
by the nitrogen concentration and not the number of layers. As Figure 32 shows, the
buckling amplitude is expected to reduce in layers further from the SiC as previously
shown by STM [98].

It is these folds that are responsible for the energy gap and not nitrogen impurities
in the graphene. Because of the short electron mean free path, the ARPES only
measures the graphene band structure in the top 2-3 layers where the XPS shows no
measurable nitrogen concentration, indicating that the measured band gap must be
related to the graphene folds. The size of the ARPES gap and its dependence on
the layer thickness point to a finite size effect gap caused by either strain confined
domain boundaries or by a quasi periodic strain field.

The boundary between folds is a highly strained region of graphene that could
confine the graphene wave functions between folds. The confinement band-gap ex-
pected for a graphene ribbon with width w=1-2 nm is E, ~1leV-nm/w=1.0—0.5 eV
83, 99], close to the value measured. The fact that a distribution of confined folds are
part of a continuous sheet of graphene would also explain the ARPES intensity seen
within the gap. A model of bent graphene confined by flat graphene sheets predicts

a significant density of states (DOS) in the gap because of boundary resonant states
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[74]. The finite size model also explains the smaller gap in thicker films even though
the domain size is the same. As the number of layer increases, the amplitude of the
buckles reduces, thus reducing the strain at the bends. This makes the confinement
boundary less well defined; effectively increasing the confined region and reducing the
gap. Because of the fold width distribution, the area-averaged ARPES would have a
distribution of band gaps resulting in an increased intensity between the top of the
valance band and Er as observed.

Periodic strain fields are also expected to open a band-gap [114]. Figure 35(e)
shows a dI/dV image of several fold ridges that show the typical increased DOS
predicted for strained graphene [100] and observed in STM on graphene nano-bubbles
[101]. While the nitrogen induced folds are not strictly periodic, the folds have an
average separation of about 2-4 nm. This is a very small period that has the potential
to open a large gap. Whether strain or electron confinement (or both) are responsible

for the observed gap remains to be determined.
4.1.3 Strain Analysis of N-graphene

In order to understand the strain effect on the nitrogen-seeded graphene, X-ray d-
iffraction experiments were performed at the Surfaces and Interfaces X-ray Scattering
(SIXS) beamline at SOLEIL synchrotron using an X-ray beam of energy of 15.54keV.

To analyze the strain in the N-Gr system, we used surface X-ray scattering (SXRD)
method. The graphene diffraction rods can be either shifted or broadened by strain
in a manner that depends on the type of strain in the system. Regions of uniaxial
strain will give rise to new diffraction rods that are shifted by Agn relative to the
diffraction rods from the unstrained region. The amount of shift depends linearly
on the diffraction order n defined by n = q/a,, where a, is the graphene reciprocal
lattice constant. If different regions have different strains, there will be a broadening

of the strain shifted peak where the broadening is also linearly proportional to n.
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Figure 37: Insert shows a radial scan (g = (h+A, k+A, {)g) through the graphene
(1,1,0)g rod (q,=27l/cg for £=0.2) for N-Gr graphene film. The pseudo-Voight fit
(black) using a Lorentzian (blue) and Gaussian (red) is shown. The Lorentzian Half
widths for the (01)g, (11)g, (12)g, and (03)g rods are plotted as a function of their
radial ¢ values. Solid line shows a fit to the data using 8, = 3, + Cn? fit to the data
where 3, and C' are fit parameters.

62



However, the measure N-Gr diffraction rods do not behave according to the uniaxi-
al strain model. To show this, we have fit the N-Gr diffraction rods to a pseudo-Voight
line shape where the lorentzian width scales like n? instead of n (see Figure 37). The
n? behavior is the q-dependent broadening from that a random strain field (see the
Appendix B). For a random strain field, the FWHM of the pseudo-Voight Lorentzian

(I'y) and Gaussian (I'¢) are given by

[y = (a)*n*e2L, and T'g = 4V7in2/L (13)

where L = Nag is average graphene domain size and €2 is the mean squared strain

< AL*> /L2
r
L =n’e (14)
2rag,
< Aa® >
€o = —a (15)
a

From fits up to 4 diffraction orders, the average domain size is found to be 22nm+
5nm, from the Gaussian component width, and the RMS strain €,,,; = \/% is 1.7 &+
0.1%. The value for L is consistent with the large flat plateaus observed in STM.
While there is overall agreement of the SXRD line shapes with the simple random
model there are an important difference. The ratio of the gaussian and lorentzian peak
(1 —n)/n is not an independent parameter. Within the model this ratio depends on
the widths of the two line (see Equations 19a and 19b). However, when 7 is allowed
to vary independent of I';, and I'p, better fits to the data are achieved. The value of
1 can be £40% of the expected value based on the one-dimensional model.

It is worth noting that the measured graphene lattice constant for N-Gr is 2.457 4
0.002A. This is the mean value of theoretical graphene and graphite. In pristine C-face

graphene, diffraction rods for both lattice constants are found because of variations
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in the interlayer stacking [51]. We are not able to resolve these two rods in these
experiments due to the finite size broadening from the smaller domain size of the
N-Gr films.

To summarize this section, a partial nitrogen monolayer, pre-grown on the C-
face SiC surface, is shown to be able to form an undulating graphene layer with
a band-gap ~ 0.7 eV. The nitrogen binds the growing graphene to the SiC interface
forming 1-2nm high ridges in the graphene. There is no nitrogen intercalation between
graphene sheets nor is there evidence of nitrogen inclusions that can reduce graphene’s
mobility [102, 103]. XRD measurement shows this nitrogen-seeded graphene has the
random strain about 1.7%. Because the initial nitrogen-carbon bond is stable to
very high temperatures, the pre-grown layer can be patterned to produce locally
strained graphene, which will be shown in the next section. This semiconducting
form of graphene would then be seamlessly connected to metallic graphene grown
from the non nitrogen-seeded SiC. It offers a potential way to produce all graphene

semiconductor-metal junctions.
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4.2 Pattern Induced Ordering of Semiconducting Graphene

Ribbons Grown from Nitrogen-seeded SiC
In the last section, we have discussed the wide band gap semiconducting form of
graphene. This entirely new form of graphene can be produced by growing a buckled
graphene sheet from a SiC (0001) surface pre-seeded with nitrogen. However, it is still
not ideal for electronics production because of several reasons. First, in Figure 33(b)
and (c), there is still photoelectron intensities between the Fermi level and valence
band maximum. Thus the band gap observed is not a sharp gap. It is the sum-up
of many different graphene regions with different gap sizes, even non-gap graphene.
STM images from Figure 35 also show that the surface is composed of both buckled
graphene and flat graphene. Thus the next step is to localize those strained structures
and make a controlled junction with sharp edge between flat graphene (no band gap)
and buckled graphene (with a band gap).

Another problem of N-Gr is also the typical issue for C-face graphene: large thick-
ness variance. As introduced in Chapter II, graphene grown from the C-face SiC has
exceptional mobility because of its rotational stacking [40, 97]. It has recently been
used in a hybrid SiC-graphene Schottky barrier transistor with exceptional on/off
ratios (10%) and relatively high channel mobility [110]. Furthermore, Field-effect
transistors (FET) built from monolayer C-face graphene have shown the highest op-
erating frequencies of any graphene-based devices [111]. Nevertheless, controlling
C-face graphene’s thickness has been a problem. The thickness of graphene can be
measured by LEEM reflectivity as mentioned in the last chapter in Figure 14(a). For
the sample in Figure 14(a), the thickness of the graphene film varies from 2 to 8
layers. A similar variance is also observed in the N-graphene and will be discussed
below. Therefore, solving the large thickness variance problem will have effects on
both N-Gr and normal C-face graphene performance.

In this section, a solution to both problems is presented; pre-patterning the
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nitrogen-seeded SiC surface into trenches. While N-Gr and flat graphene are shown
separated by patterning, results indicate that the graphene growth from pre-patterned
ribbons leads to three key improvements in the graphene film: (i) layer thickness con-
trol, (ii) improved rotational ordering, and (iii) a spatially uniform band structure.
While the ribbon widths used in this study are too large to effect strain gradients
in this system (400 nm < w <500 nm), the distance between the step edges defin-
ing the ribbons is on the order of the distance between random vertical tubes that
normally nucleate in C-face graphene films. We show that the ribbon structure in-
hibits the formation of the random vertical tubes (see Ref. [115]) with the result
that graphene thickness uniformity is dramatically improved, presumably because of
spatially controlled Si sublimation at the patterned step edges. Using a combination
of LEEM, XPEEM and pu-ARPES, we characterize both the topographical structure
and band structure of N-Gr ribbon arrays. We show that the graphene’s structural
properties are substantially improved within the confined ribbons when compared to
2D graphene. In fact, the thickness uniformity is improved to the point of single layer
control. The results presented in this study are not only the first to use patterned
ribbons to control growth, they are the only successful attempt to improve C-face
graphene uniformity. The improved structural order is reflected in the electronic
structure of the N-Gr ribbons, allowing more detailed measurements of the electronic

properties of these films.
4.2.1 N-graphene Ribbon Structure

The nitrogen-seeded SiC sample was prepared in the same way as introduced in the
previous section. Then the SiC surface was patterned using E-beam lithography (E-
BL) and reactive ion etch (RIE) to remove nitrogen in stripes (referred to as trenches).
We studied both 500 nm and 400 nm wide ribbons. The etch depth of a trench is ~1

nm in these experiments. After patterning, the sample was heated to 1450 °C for 5
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Figure 38: (a) Schematic model of the buckled N-Gr caused by nitrogen pinning of
the first graphene layer to the SiC. (b) Schematic of the N-Gr ribbons showing highly
strained graphene above a nitrogen interface layer on the SiC. Nitrogen is shown in
blue. (¢) 10 um FOV LEEM image of a N-Gr ribbon array next to a 2D N-Gr area
(E=8.6 V). The ribbon width is w=>500 nm and the pitch is p=1 pm. (d) LEEM
reflectivity spectrum from different regions in the 2D area of the sample with different
numbers of graphene layers. The curves are shifted vertically for clarity. (¢) LEEM
reflectivity curves from the N-Gr ribbons and the trenches between ribbons. (f) A
histogram of the relative coverage of different graphene thicknesses in the 2D area
(solid bars) and in the ribbons (hatched bars).
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minutes in a closed radio-frequency induction furnace using the CCS method to form
graphene. It is known from previous studies that the nitrogen bonding between the
first graphene layer and the SiC causes the graphene to buckle (see Figure 38(a)). We
will also show later in this section that most of the nitrogen remains on top of the
ribbons after graphene growth, as shown schematically in Figure 38(b).

Figure 38(c) shows a 10 pum FOV LEEM image of the N-Gr array grown from
a patterned nitrogen-seeded SiC surface. The N-Gr ribbons are shown adjacent to
a large un-patterned 2D graphene area. The trenches appear dark in this image.
Figure 38(c) shows that the boundary of the shallow etched trenches remain sharp
after graphene growth. It is important to note that the LEEM contrast is not because
of the height differences of trenches and ribbons, but instead results from a graphene
thickness change at the boundary (see below). While we cannot tell if the initial 1 nm
steps remain after the SiC is consumed during graphene growth, Figure 38(b) clearly
demonstrates that the ribbon pattern remains intact.

The first key observation about growth on patterned N-Gr substrates is that the
graphene thickness is more uniform on the ribbon area than on the 2D graphene
areas of the same C-face SiC surface. In fact, the uniformity becomes similar to
that achievable for graphene grown on the Si-face SiC [117]. Figure 38(c) shows a
LEEM image of both a ribbon patterned area and a standard 2D N-Gr film. While
there are large contrast variations in the 2D N-Gr graphene regions, the contrast
along the N-Gr ribbons is very uniform. The contrast variations on the 2D area
are because of graphene thickness changes typical in C-face graphene growth [118].
The extent of the thickness variation can be measured using LEEM reflectivity as
mentioned in previous chapter. The oscillations in LEEM reflectivity are because
of the interference of the incoming electrons with the electrons that are reflected
from the SiC-graphene interface (for details on LEEM reflectivity from graphene, see

reference [119]).The number of graphene layers is simply determined by counting the
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number of minima in a LEEM reflectivity spectrum between 0-10 eV [119]. In the 2D
area (see Figure 38(d)), the number of minima in the LEEM reflectivity spectra show
that the graphene thickness varies from 2 to 5 layers (a variance of ~40% about the
3.5 layer average), typical for C-face graphene. In contrast, Figure 38(e) shows that
the graphene on top of the nitrogen-seeded ribbons has a smaller thickness variation,
varying by only one layer (~9%) over the entire 10 um FOV. Note that the graphene
is thicker (< N >~5.5 layers) on the ribbons compared to the 2D area. A comparison
of the distribution of layer thickness for the ribbons and the 2D area is summarized in
the thickness histogram in Figure 38(f). The observed film uniformity on the ribbons
represents a substantial advance in C-face graphene growth.

As determined from the LEEM reflectivity oscillations, the graphene thickness
within the trenches is considerably less than that of the ribbons (~ 2-layers). The
thickness variation between trench and ribbon areas is also confirmed by the laterally-
resolved C 1s photoemission spectra. Figure 39(a) shows the C 1s spectrum from both
the N-Gr ribbons and the trenches. The C 1s spectrum in the trench region is typical
of a thin C-face graphene film, showing a graphene peak and a relatively large SiC-C
1s peak [88]. On the ribbons, the SiC-C 1s peak is smaller because the SiC-C 1s
photoelectrons are attenuated as they pass through the thicker graphene film on the
ribbon area. The difference in the graphene thickness is more evident in the XPEEM
contrast image using the graphene C 1s component (see Figure 39(b)). The N-Gr
ribbons appear bright compared to the trench area because of the thicker N-Gr film.
The reduced growth in the trenches most likely results from the RIE sputter damage
induced in the SiC trenches during patterning. A similar effect is also observed on
Si-face graphene growth [120].

Both the thicker growth and the better thickness uniformity on the ribbons are

consistent with an earlier model proposed to explain the difference in graphene grown
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Figure 39: (a) C 1s XPS spectra from the N-Gr ribbons and the trenches (hv =600
eV). The ribbon width is w =400 nm and the pitch is p=1 pm. (b) 6.5um FOV
XPEEM image using the graphene C 1s peak at a binding energy (BE) of BE=284.5
eV). Blue is from the trenches. (¢) N 1s XPS spectra from N-Gr ribbons and etched
trench bottoms (hr=600 eV). Background has been subtracted for both N 1s spectra.
(d) 6.5 pm Fov XPEEM image of the ribbons using the background subtracted N 1s
peak for contrast (BE=397.5 eV). Blue is the N 1s intensity in the trenches.
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on Si-face and C-face SiC surfaces [115]. In normal C-face growth the local Si evap-
oration rate is determined by vertical tubes in the graphene film that extend from
the SiC to the surface. The tubes are randomly dispersed across the (0001) surface.
The tubes nucleate more readily on the C-face when the interfacial Si concentration
becomes large after the first few graphene layers form. In fact, this property has been
used to grow vertical carbon nanotubes from C-face SiC [121]. Si can be easily trans-
ported away from the graphene-SiC interface where the vertical tubes form, causing
the graphene to grow faster (i.e., thicker) in these areas. The result is a wide range
of thickness variations across the surface because of the spatially random formation
of these tubes. On the Si-face, these tubes do not form easily and the graphene film
thickness is stunted to only a few layers as Si is trapped at the graphene-SiC interface.
We suggest that the patterned step edges provide a similar but spatially controlled
site for Si evaporation. Based on XPEEM and LEEM images, a typical distance from
a tube to a boundary between different graphene thickness regions on the C-face is
a few microns [115]. The 500 nm width of the ribbons in these experiments indi-
cates that Si diffusion to the edges will be sufficiently shorter than the known tube
separation so that tube formation no longer determines the graphene thickness on
the ribbon area. Therefore, unlike the 2D area, the interfacial Si concentration on
the ribbons is both low and uniform leading to thicker graphene without the large
thickness variations as in the unpatterned areas.

We have also used XPEEM to measure the post-growth nitrogen distribution in
the patterned area. The nitrogen 1s photoemission spectra for the trenches and
ribbons are shown in Figure 39(c). The distribution of the N 1s signal is displayed
in the XPEEM image in Figure 39(d). Although the trenches appear brighter in
the N 1s image (more blue), the actual nitrogen distribution can only be determined
by accounting for the attenuation of the N 1s signal through the graphene layers

above. This is done by comparing the attenuation of the SiC-Si 2p and the N 1s XPS
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signals through the known graphene thickness, as claimed in the LEEM reflectivity
measurements on both ribbon and trench areas (see Figure 38(¢e)). By this procedure,
we find that the nitrogen in the trenches is half the nitrogen on the ribbons. Prior
to these experiments, RIE test on macroscopic areas showed that a 1 nm etch was
sufficient to remove the surface nitrogen below XPS detectable limits. Therefore, the
presence of nitrogen in the trenches must be a result of diffusion from the ribbon
areas during graphene growth.

The second key observation from graphene grown on patterned substrates is the
improved rotational epitaxy of the graphene in the ribbon area. Figure 40(a) shows
a u-LEED image from the 2D graphene area. The LEED pattern shows the primary
spots corresponding to graphene rotated 30° relative to the SiC < 1010 > direction
(brightest spots in the pattern) plus numerous diffraction patterns from rotationally
(non-Bernal) stacked graphene layers typical of C-face growth [53]. The additional
spots are primarily from layers below the surface although some are from small rotated
domain because of pleats or steps in the film [97, 115]. A dark field (DF) LEEM image,
using the graphene (01), spot for contrast, shows that the graphene’s rotational
orientation in the ribbons has become more homogeneous compared to the 2D area
(see Figure 40(b)). Also note that the trench area has very little of the normal 30°
rotated graphene.

A more detailed look at the difference between graphene on the ribbon and trench
areas can be made using dark field photoelectron microscopy (DF-PEEM). Figure
40(c) shows a u-ARPES image of a constant energy cut through the graphene Brillouin
zone (BZ) in the ribbon area. There are two rotated BZs: one from the primary 30°
graphene (the six brightest cones), and another from a graphene sheet rotated ~ 0°
from the SiC <1010 >. We note that at the photon energies used in these experiments,
the u-ARPES is sensitive to the top 3 layers because of inelastic electron attenuation.

It is therefore difficult to determine if the 0° rotated graphene is in the top graphene
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Figure 40: (a) u-LEED image from the 2D area showing that the primary graphene
spots rotated 30° from the SiC < 1010 > direction. Other rotated domain spots are
clearly visible. £=40 eV. (b) DF-LEEM using the graphene (01), spot for contrast.
E =60 eV. w=>500 nm. (c) Constant BE=-1.3 eV cut through the graphene BZ
measured by u-ARPES of a 5-layer N-Gr ribbon area. hw =36 eV. The bright Dirac
cones are the normal cones from the primary 30° rotated graphene marked in (a).
The faint cones are from graphene rotated at other commensurate angles. (d) DF-
PEEM (BE=-0.3 eV) of the N-Gr ribbons using the Dirac cone (red circle) in (¢) and
a 1.5 pm contrast aperture (dashed circle in (b)).
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layer or in a rotated graphene sheet below the surface. A DF-PEEM image [122],
using the 30° cone for contrast, is shown in Figure 40(d). The ribbons are bright in
this image indicating that graphene in the ribbon area is predominately rotated 30°.
In contrast, the trenches are dark indicating that most of the graphene in the trench
area are rotated in other orientations. The observation that the ribbons and trenches
have graphene both with different rotations (as determined by DF-PEEM and DF-
LEEM) and different thicknesses (determined by LEEM reflectivity) confirm that the
graphene is not continuous between the ribbons and trenches. As the schematic in
Figure 38(b) suggests, the graphene in the ribbon area must be isolated from the

graphene in the trench area.
4.2.2 Electronic Structure of N-graphene Ribbons

Figures 41(a) and (c) show E(k) cuts through the Dirac cone from the N-Gr ribbons
and the un-patterned 2D N-Gr area, respectively. What is clear from Figure 41(a)
and (b) is that graphene in the 2D region has Dirac cones with much more intensity
within the area bounded by the m-bands compared to the ribbons. This is seen more
clearly in both energy distribution curves (EDC) and momentum distribution curves
(MDC) through the cones. An EDC through the Dirac point of the ribbons area
(see Figure 41(b)) shows a peak in the density of states (DOS) at 0.5 eV below Ep
signifying a band gap observed in nitrogen seeded graphene [112]. The DOS peak
at the valence band maximum in Figure 41(b) is well defined although broadened by
the 0.3 eV instrument resolution. The 2D area DOS in Figure 41(d) shows no peak
and a much larger background between the m-bands. It is important to note that a
2 pm field limiting aperture was used in the u-ARPES. Therefore, in the ribbon area,
the spectra are a composite of spectra from both ribbons and trenches. However,
within the region selected by the field limiting aperture, the ribbon area was twice

that of trenches as marked by the dashed circle in Figure 40(b). The intensity in the
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Figure 41: E(k) slices through the Dirac cone (red circle in Figure 40(c)) on (a) N-Gr
ribbons and (c) on a representative area of the 2D N-Gr section. k, is perpendicular
to the '— K direction. (b) and (d) are corresponding EDCs through the Dirac point
of the ribbon and 2D area, respectively. The valance band maximum in (b) is marked
by the dashed vertical line. (e) MDC’s through the Dirac cones in (a) and (c) at
E — Er =—1.5 eV (yellow dashed lines in (a) and (c)). (f) E(k) slices through a
Dirac cone from a more ordered area of the 2D N-Gr section. (g) An EDC (red)
through the Dirac point in (f) at E — Er = —1.5 ¢V. A composite EDC (green
dashed) is shown that is made from the EDC of the ribbon (b) and the EDC from
the disordered 2D region in (d).
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center of the cone, bounded by the m-bands in Figure 41(a) and (c), is because of
both the buckled graphene and the spatial disorder in the film. The N-Gr buckling
contribution to the diffuse E(k,) spectrum is a result of the distribution of local
surface normals [112] that cause electrons leaving different areas of the surface, with
the same energy, to have different parallel momenta (k,, k,). The result is that the
analyzer simultaneously measures a wide set of slices through the Dirac cone, i.e., a
set of constant k, conic sections through E(k,, k,) for a broad range of different k,
values [123]. Long-range order also influences the measured E(k,, k,). Domain size
is determined by intrinsic steps in the SiC or by steps caused by thickness variations
in the film (i.e., thicker graphene areas have consumed more SiC and are therefore
lower in height compared to thinner areas). Rotational boundaries can also be formed
as graphene flows over a curved step. These finite size effects lead to a momentum
broadening (Ak,, Ak,) of the m-bands. MDC cuts through the cones (see Figure
41(e)) show that the m-bands are narrower in the ribbons compared to the 2D area.
The Ak, width of the 2D area N-Gr is twice as broad as the ribbons (the FWHM of
the 2D and ribbons are 0.37 A~ and 0.17 A_l, respectively). For comparison, the
instrument resolution at this energy is Aki,s ~ 0.06 A_l. The significant reduction
in the m-band broadening observed in the ribbons demonstrates that the ribbons
geometry improves the long range order of the C-face film.

In addition to the 2D N-Gr spectra represented by Figure 41(c) and (d), other
parts of the 2D area have DOS curves similar to the ribbons but with a broader DOS
peak (see Figure 41(f)), more intensity between 7-bands, and a larger Ak, broadening.
A ~-ARPES spectrum and its corresponding EDC from these “intermediate” areas
are shown in Figure 41(f) and (g). Spectra of this type suggest that, within the
2D area, locally ordered areas typical of graphene on the ribbons coexist with more
disordered areas characterized by spectra like those shown in Figure 41(c) and (d).

We demonstrate this by making a weighted sum of the two spectra in Figure 41(b)
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and (d). The resultant composite spectra is shown in Figure 41(g). The best fit
is obtained for a ratio of 1:4 between the spectra from the disordered and ordered
regions, respectively. Patterning the nitrogen seeded SiC before graphene growth has
reduced the disordered N-Gr regions that are prevalent throughout the 2D area. The
increased order in these graphene ribbons will allow standard area-averaged ARPES
(with better energy resolution) to be used in future studies design to investigate the
role of strain in N-Gr’s band structure.

In conclusion, we have shown in this section how nitrogen-seeded graphene (N-
Gr) is grown from patterned stripes etched in the SiC (0001) surface. The patterned
growth produces a set of parallel nitrogen-seeded SiC stripes (400-500 nm wide).
Graphene growth on these patterned surfaces leads to the formation of nitrogen-
graphene ribbons with substantially improved structural and electronic properties.
The thickness disorder normally observed in C-face graphene is improved by a fac-
tor of four so that only monolayer variations are observed across at least 100um?
area. Unfortunately, there is no theoretical guidance to understand the substantially
improved thickness uniformity. Proposed growth models based on transmission elec-
tron microscopy studies of flat C-face graphene do not seem to apply to the ribbon
geometry in this study [124]. We propose that the improved uniformity is a result
of controlled heterogeneous edge sites in the patterned ribbons that allow Si to d-
iffuse out of the graphene/SiC interface. The edge sites prevent Si buildup at the
SiC-graphene interface that normally causes the formation of vertical tube defect-
s in the C-face SiC films [115], which act as Si vents that locally stimulate rapid
graphene growth. In addition to the thickness control, rotational stacking order is
also improved with the majority of the ribbon area having N-Gr rotated 30° relative
to the SiC <1010 > direction. The improved thickness control and long range order
of the N-Gr ribbons result in a significant improvement in the uniformity of N-Gr’s

electronic band structure. The improved order will provide an experimental platform
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to investigate details of the band structure of N-Gr films, including how its band
gap depends on layer thickness, as well understanding how the large pseudo-magnetic
fields, known to exist in these films, depend on strain confinement in sub-100nm rib-
bons. While this work shows how to control the growth uniformity in N-Gr ribbons,
it also suggests that improvements in the film thickness of pristine graphene grown
on C-face SiC surface can be made by patterning ribbons. This would offer a way to
take advantage of the extremely high mobility in C-face graphene and the thickness

uniformity normally only achievable for graphene grown on the SiC Si-face.
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CHAPTER V

CONCLUSION

5.1 Summary

To summarize this thesis, our purpose was to modify and characterize both the inter-
face and surface of graphene in order to control the physical and electronic properties
of graphene. The graphene samples used in thesis are high-quality epitaxial graphene
grown on the carbon face of SiC using the confinement-controlled sublimation method.
In Chapter III, the focus was on the interaction between silicon and graphene. Sil-
icon was deposited onto the C-face graphene surface and annealed at different high
temperatures from 1000 °C to 1400 °C. The samples were measured by various sur-
face sensitive characterization instruments to show that silicon was able to rapidly
intercalate into the graphene-SiC interface at 1000 °C through heterogeneous sites.
Interfacial Si started to diffuse back onto the graphene surface and form surface SiC
structures at 1100 °C by bonding to carbon atoms of graphene. After annealed to
1300°C, more interfacial Si diffused to the surface to form new reconstruction patterns
on surface SiC. Most of Si evaporated from the system by heating to 1400°C and an
ordered and thin SiC film was formed on the graphene surface.

In Chapter IV, we discussed a significant problem of graphene, which is that no
significant band gap exists in graphene. We demonstrated a novel approach to opening
a ~ 0.7 eV band gap in graphene by growing it from a nitrogen-seeded SiC surface.
Rather than forming defects in the graphene lattice, nitrogen atoms bound graphene
to the SiC interface to form a 1-2nm high ripple structure in graphene films. The origin
for the gap was speculated to be either quasi-periodic strain or electron localization

in the 1-2nm buckled ribbons. In order to improve the structure of this new form of
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graphene, nitrogen-seeded SiC samples were patterned prior to graphene growth. The
pre-pattern method led to significant improvements in thickness uniformity, rotational
ordering, and the gapped band structure. We claimed that the improved structure
was a result of controlled heterogeneous edge sites that allowed Si to diffuse out. This

method should also apply to normal C-face epitaxial graphene growth.

5.2 Future Outlook

One way in which this thesis work can be extended is by carrying out normal ARPES
measurements on the patterned N-graphene using a narrower ribbon width. Some
initial work has been done in this direction, but it was not shown in this thesis.
Preliminary results show an even better gapped band structure. Complete surface
characterization imaging methods such as LEEM and XPEEM would also be required
on samples with narrower ribbons to fully understand the preliminary results. Anoth-
er future direction is to directly measure the total band gap of N-Gr. Since ARPES
is able to measure only the band structure below the Fermi level, the band gap from
ARPES results are only the lower limit of the total band gap. Optical methods such
as infrared spectroscopy can be applied to measure the total band gap. Finally, it will
be also beneficial to measure transport properties of the N-Gr by patterning the Hall
bar and test the on-off ratio by fabricating transistors based on the N-Gr. As a result
of the high mobility and the band gap, N-graphene could be a promising candidate

for future electronics.
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APPENDIX A

NITROGEN SITE ASSIGNMENTS

After graphene growth the N 1s line resolves into two lines denoted as Ng and Np as
shown in the insert in Figure 31(d). Identification of the binding configuration and
atomic site of these lines is based on a large number of studies of bulk N-doped SiC
and, more recently, surface/interface assignments.

As early as 1961 Electron Spin Resonance studies [104] indicated that nitrogen
occupies the carbon site in bulk SiC. That is, the N is bound to four Si nearest
neighbors and is an n-type dopant. Numerous XPS studies of SizN, have reported
N binding energy values in the 397-398.7 range. A typical example is the work of
Chourasia and Chopra [105] who report a value of 397.8 eV for CVD grown SizN,
films. In a very extensive study of the SiOo/N/SiC (Si-face) interface, Tochihhara
and Shirasawa report a N 1s line position of 398.7 ¢V (and a C 1s binding energy for
C in SiC of 283.9 €V) [89]. This model includes N bound to Si atoms at a surface
C site where the Si-N bond length with N at a carbon site was determined to be
very close to the bond length in SigN,. The model in Ref. [89] was supported by a
large variety of data including quantitative low-energy electron diffraction, scanning
tunneling microscopy, Auger electron spectroscopy, surface X-ray diffraction, and first
principle calculations. Additional recent reports by Kosugi et al [106]. using the same
NO process described in this current work report a N 1s binding energy of 398.2 eV
and note that the N is resistant to HF etching. Similar results, particularly addressing
the role of surface deposited N as a dopant are reported by Liu et al [125].

To calibrate these earlier studies with the work reported here, we use the binding

energy difference between the N 1s and C 1s in SiC, AFEn.¢. This is found to be
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AFEN.c=115.0£0.2 eV in all cases, exactly what is measured in the studies reported
here for the Ng state of Fig. 1d of the main text. In short we assign the Ng state to
N at a C site, bonded to 3 or 4 Si atoms at the SiC interface.

To identify the Np site, we have look at previous work on N-C bonds. There are
relatively few studies of C3N, [107] but in the cases reported, the energy difference
AFEN.c~133.740.2 eV (where the carbon reference is to C in C3Ny). In this work
the experimental AFEn_¢ for the Np site is 133.3 eV. This strongly suggests that the
Np site is nitrogen bonded to 3 carbon atoms. We therefore suggest a model where
~ 1.8 x 10 /ecm? Ng atoms are substituted in the C plane of the interface layer of
SiC and ~0.4 x 10! /cm? Np atoms are bonded to carbon providing the attachment
between graphene and SiC.

There is no observable C-N bond peak in the C1 spectrum see either Figure 31(e)
or Figure 30. There are two reason for this. First, N inclusions in the graphene would
have two peaks shifted 1.1 and 2.2 eV to higher BE relative to the graphene C 1s
peak. These peaks are not observed even in the more surface sensitive photon energy
spectra supporting the major statement of the paper that N is not incorporated in
the graphene. The 900 eV photon energy spectrum in Figure 31(e) does show a
broadening with a tail at higher BE. This tail is because of the different charge state
of layers deeper in the film [88]. The second reason that we do not expect to see a
C-N bond is that these bonds occur at a very low density at the SiC interface. As
discussed above, most of the nitrogen is bonded to Si atoms in SiC not to carbon
atoms. The N-C interface bond estimate of ~0.4 x 10 /cm? corresponds to 0.05ML.
The small fraction of N-C bonds at the interface would be essentially undetectable
with XPS under normal circumstances. Because, as Figure 31(e) clearly shows, even
the SiC-C 1s peak is severely attenuated and given the high energy tail in the C-C

peak, the N-C peak cannot be detected.
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APPENDIX B
Q-DEPENDENT BROADENING ANALYSIS

To analyze the strain causing the ¢g-dependent broadening shown in Figure 37 we use
a 1D model where the position of the n'® atom is due to the accumulated distortion
from the local stain, Aa;, of all preceding atoms in the chain. The position of the
n' atom is then Rn:na+2?:0 Aa; where the last term is the accumulated stain in
the chain. If we assume that the Aa;’s are uncorrelated with the atom position a, (a
reasonable assumption considering the lattice mismatch of graphite and SiC), then

the diffracted amplitude from a graphene becomes;
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Where N is the number of coherent cells (L = Na). The diffracted intensity from
this model is derived in the Appendix assuming that the Aa;’s are independent. The
result is a diffraction line shape that has a Gaussian peak related to the strain plus
a Lorentzian peak related to the graphene domain size (see Equation (19a)).
Starting from Equation (16) for the 1D strain model and assuming that the local
strain Aa;’s are independent (i.e, < Aa; >=< Aa;Aay, >=0and < Adaj >=< Ad® >
is a constant), to a good approximation the average term in Equation (16) can be

written as;

<€qu Z?:o Aaj> ~ e—nqﬁ<Aa2>/2. (17)

Substituting Equation 17 into Equation 16 gives the diffracted intensity, [ = AA*

to be;
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(1 — )2 4 4fN sin? (qaN/2)

I(QH) X (1—f)2+4f Sin2 <q”a/2> (18a)
f = e 2Bs/(NBL) (18b)
Bs = qﬁegﬂL/Z and G, = 27/ L. (18c)

Where €2 =< AL >? /L*=N < Aa* > /L? is the mean square strain in the film.
Note that the argument of f in Equation (18b) is (gjaesv/N)?. For reasonable values
of the strain, i.e., ¢, < 0.05%, f ~ 1 for momentum transfer vectors up to ¢ < 4w /a
and N ~ 10*. This suggests that the intensity in Equation (18a) can to a good

approximation be written as;

Ui —Aq?r/ B}
~Al— 1 @*r/Pr, 1
I(Aq) = A 1+ 2Ag2 72 + (1 —mne (19a)

(1 — 6_253/5L>2
(1 — e=28/B)2 4 4%@—265/,62
L

n(Bs/Br) = (19b)

Bs = Q2e2wL /2 (19¢)

Where Aq = @), — ¢ is the momentum transfer relative to the graphite rod @, =

27n/a, n=integer. Note we have used the approximation, Sls?z—ng ~ exp[—N2%x? /7]

[131]. Similar to other methods used to determine strain in powder diffraction [132],

we can define the integral breadth of the peak;

[ Idq

Imaa:

B(q) =

= b+ (1 —n)pL (20)

Since f; is a function of @),, while 5y, is not, measurements of 3(q) for two different
values of (), allows us to separate out the finite size broadening L from the strain

broadening e,.
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Feng Wang
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Graphene has been one of the most interesting and widely investigated
materials in the past decade. Because of its high mobility, high current density,
inherent strength, high temperature stability and other properties, scientists consid-
er it a promising material candidate for the future all-carbon electronics. However,
graphene still exhibits a number of problems such as an unknown interface struc-
ture and no sizable band gap. Therefore, the purpose of this thesis is to probe and
solve these problems to make graphene suitable for electronics. The work focuses on
high-quality C-face epitaxial graphene, which is grown on the (0001) face (C-face) of
hexagonal silicon carbide (SiC) using the confinement-controlled sublimation (CCS)
method. C-face epitaxial graphene has much higher mobility compared to Si-face
graphene, resulting from its special stacking order and interface structure, the lat-
ter of which is not fully understood. Thus, the first part of the work consists of a
project, which is to investigate and modify the interface and the surface of C-face
graphene by silicon deposition and annealing. Results of this project show that sili-
con can intercalate into the graphene-SiC interface and form SiC by bonding carbon
atoms on the graphene surface. Another crucial problem of graphene is the absence
of a band gap, which prevents graphene from becoming an ideal candidate for tra-
ditional digital logic devices. Therefore, the second project of this work is devoted
to introducing a wide band gap into the graphene electronic structure by growing
from a nitrogen-seeded SiC. After successful opening of a band gap, a pre-patterning
method is applied to improve graphene thickness variations, orientational epitaxy,

and the gapped electronic structure.
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