University of Groningen

Spintronics and thermoelectrics in exfoliated and epitaxial graphene
van den Berg, Jan Jasper

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
van den Berg, J. J. (2016). Spintronics and thermoelectrics in exfoliated and epitaxial graphene. [Thesis
fully internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverneamendment.
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 10-01-2023

Chapter 4

Epitaxial graphene on silicon carbide
Abstract
This chapter describes the production methods, properties and some applications of epitaxial graphene on silicon carbide (SiC).
First, it is explained how thermal decomposition of a SiC substrate can be used for controlled layer-by-layer growth of graphene. Then, the properties of graphene on SiC are
shown to directly relate to the epitaxial growth mechanisms. Finally, the chapter reviews
possible routes towards using epitaxial graphene’s characteristic properties for electronic
device applications.

ne of the ways of producing graphene is by taking a piece of silicon carbide
(SiC) and heating it to high temperatures. The surface atoms start redistributing themselves to maintain the lowest surface free energy, a process called surface
reconstruction. Heating to temperatures over 1150°C removes Si atoms, after which
C atoms can recombine to form graphene. Graphene produced by this sublimation
or thermal decomposition method is commonly referred to as epitaxial graphene, because the graphene correlates to the underlying crystal lattice.a The properties and
quality of this graphene depend on several aspects of the used SiC and on detailed
conditions in the growth chamber. Examples of substrate related condition are the
type of SiC (which comes in many polytypes), the particular SiC crystal face and the
miscut angle, which is basically a measure of how well the surface follows the crystallographic structure. Important growth conditions are for instance temperature,
reactor pressure and annealing time, as well as the presence of inert gasses.
This chapter gives an overview of the main aspects of growth and structure, and
highlights the importance of epitaxial graphene for applications. A number of reviews that treat these topics in detail have been published recently.1–6

O

4.1 Growth
Already in 1965, Badami7 reported the observation of thin graphite films on a SiC
crystal after heating it to temperatures above 2000 °C in vacuum. In 1975, van Bommel and colleagues8 studied the formation of what they called a graphitic monolayer
on a SiC crystal and observed a difference in growth rate and crystallinity when
a Of

course, graphene grown on different substrates and / or by different methods can still be epitaxial.
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comparing the graphite layers on different faces of the SiC crystal. Later works of
graphite growth on SiC studied in detail the carbon surface reconstruction.9, 10 As
early as 1998, Forbeaux and colleagues considered “the possibility to isolate a single
graphene sheet ‘floating’ above the substrate”.11 Around the time that small monolayer graphene flakes were first isolated on SiO2 by the Manchester group, others
envisioned the idea of thermal decomposition of SiC for large scale carbon electronics in the form of carbon nanotubes12 and large surface area graphene.13, 14 Not so
long thereafter, various groups reported the capability of growing large area, single
layer epitaxial graphene on SiC of high quality.15–17

4.1.1

The silicon carbide substrate

SiC is a wide bandgap semiconductor, used for electronic applications because of its
overall better performance than silicon, e.g. at high voltages and high temperatures.18
There exist many crystal structures or polytypes of SiC, resulting in varying material
properties.
(a)
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Figure 4.1: (a) Tetrahedron building block of SiC. (b) Projection of a Si-C bilayer. (c)

Stacking of these bilayer goes as follows: we take the bottom bilayer as reference (its
position ‘a’ marked by one of its C atoms). The next layer can be slightly shifted
to position ‘b’, where the C atom is not directly above the corresponding atom of
the bottom layer. The third layer can then be stacked either again on ‘a’, or on ‘c’.
Stacking with a period of 3 Si-C bilayers (abc) results in a cubic crystal, called 3C-SiC
(d) A stacking period of 4 Si-C bilayers (abcb) gives a hexagonal crystal: 4H-SiC.

Crystal structure The basic building block of SiC is a tetrahedron with in the middle a Si atom and at its corners four C atoms (see Figure 4.1(a)). The different polytypes arises from the fact that these building blocks form Si-C bilayers (Figure 4.1(b))
that can be stacked in an infinite number of ways into different unit cells. SiC crystal
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lattices are either hexagonal (H), cubic (C) or rhombic (R). By convention, a polytype
is referred to by one of these letters, followed by a number that tells how many stackings are in a unit cell (Figure 4.1(c)-(d)). As a substrate for epitaxial graphene, the
most common types are 4H-SiC, 6H-SiC, and, to a lesser extent, 3C-SiC.
A property belonging strictly to the SiC surface is its polarity, determined by the
termination of the crystal face by either Si or by C. These faces are referred to by there
corresponding crystal planes. Epitaxial graphene is most commonly grown on the
Si-terminated (0001) face and the C-terminated (0001̄) face of 4H-SiC or 6H-SiC, but
other varieties do exist as well, such as vicinal SiC surfaces which are a combination
of several distinct faces.
Buffer layer For epitaxial graphene growth, control over the surface reconstruction of SiC9, 10, 19, 20 is necessary. Growth on the (0001) face above temperatures of
1150° C leads, after a series
? of?several different surface phases, to the formation of a
C-rich layer called the 6 3 ˆ 6 3R30 surface
This nomenclature indi? reconstruction.
?
cates that the size of the 2D supercell is 6 3 ˆ 6 3 in terms of the underlying lattice
constant, while rotated 30°, as shown in Figure 4.2. The surface has the same geometrical shape as graphene, but is different because it is covalently bound to almost all Si
atoms of the underlying layer by roughly 1{3 of its C atoms.19 As a consequence, this
layer, also called the buffer layer, does not contain the sp2 bonds that are typical for
graphene and therefore is nonconducting. Subsequently grown graphene layers are
graphite-like stacked (AB) on top of the well-oriented buffer layer. On SiC(0001̄) and,
more recently reported, on 3C-SiC(001),21 the formation of the buffer layer does not
occur, resulting in subsequent graphene layers that grow in patches with different
orientations.
Steps and terraces An ideal surface of SiC would be atomically flat, but in reality the surface behaves step-like, leading to the formation of terraces. For epitaxial
growth, the width of these terraces is important, because it affects the coverage and
quality of the graphene. The terrace width and uniformity are determined by the
miscut angel (referring to the flatness of the surface compared to the atomic plane)
and other pretreatments such as hydrogen etching.
It is important to note here, that graphene grows over the edges of these terraces
as a continuous film. As will be explained later, graphene nucleation starts mostly at
the terrace edges. In order to laterally grow into a uniform graphene film before new
layers start forming, the terrace edges should be relatively close to each other. On the
other hand, terrace steps are often associated with defects and a locally non-uniform
thickness, which induces scattering.22, 23 Because of these two reasons, there is an
optimal terrace width for uniform coverage of single layer graphene.24 It was shown,
that the electronic quality of the graphene is affected negatively when the width of
the terraces is lower than the electron main free path.25
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C in graphene layer
C in top SiC bilayer
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Figure 4.2: Topview of the 6 3 ˆ 6 3R30 surface reconstruction on SiC, also called

the buffer layer. Reprinted with permission from Reference 19. Copyright (2008) by
the American Physical Society.
During the heating process of the SiC, the terrace edges retract during decomposition of the surface, as shown in figure 4.3. The velocity of this retraction can vary
between different terraces, which frequently results in the combination of several
smaller steps into one large step. This is called step bunching.26, 27 A more uniform
step bunching results from low surface roughness of the substrate before growth,
which improves quality of the graphene.28

4.1.2

Growth mechanisms

Decomposition of SiC starts at places where the binding energy of the Si atoms is
the lowest, mainly at terrace edges and defects. First, graphene islands start forming, which then grow and merge into a continuous graphene layer. In principle the
growth is a self-limiting process for a perfect layer, but Si can diffuse through defective terrace edges and other structural impurities, thereby causing new nucleation
sites and growth.29, 30 Around such nucleation sites, patches of bi- or multilayer
graphene can easily form. In practice, regions with a higher number of layers exist
frequently in the vicinity of the terrace edges, often even before a single graphene
layer fully covers the surface. Additionally, when a nucleation site is far from a ter-
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Figure 4.3: During growth, the edges of distinct terrace surfaces of the SiC substrate

retract at different velocity due to their specific energy needed for decomposition,
resulting in step bunching. Reprinted from Reference 27, with permission from
Elsevier.
race edge, pit formation can occur because carbon is extracted from the substrate in
order to form graphene.25, 31
Both graphene and the buffer layer contain 38 C atoms per square nm, which is
approximately equal to that of three Si-C bilayers (37 C nm´2 ).8, 31 Because the substrate is the source for the C atoms, the step edges retract during growth. Decomposition of less than three layers leads to the formation of islands or fingers. Uniform
growth can be improved by controlling the speed at which step edges retract along
the surface while breaking down.32 Additional control over the sublimation rate at
the surface can be enhanced by creating an equilibrium condition between sublimation and deposition of Si atoms. This can be done by filling the chamber with an inert
gas such as argon (Ar)17 or by using a closed vacuum chamber with a controllable
leak.33
Chemical vapor deposition (CVD) Alternatively to the very common thermal decomposition method, epitaxial graphene can grow on SiC by using chemical vapor
deposition (CVD).34 The difference is that the carbon is provided by a precursor gas
(propane), while suppressing Si sublimation. Graphene growth rate via Si sublimation can be controlled and even be completely prevented by introducing Ar in the
chamber and the increase its temperature, pressure and flow velocity. Laminar gas
flow over the SiC surface results in an Ar boundary layer due to the shear stresses
between adjacent gas layers that flow at different velocities. Graphene forms on the
SiC surface when propane diffuses through the Ar boundary layer and is thermally
decomposed.
The advantage of the CVD method is that graphene nucleation only takes place
at step edges and is much less sensitive to SiC surface defects. This results in a better
control over the layer thickness. Moreover, in the case of sublimation, the graphene
is pinned to the substrate at the randomly distributed defects, leading to a much
larger intrinsic strain buildup when cooling down. As a result, CVD grown epitaxial
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Figure 4.4: Depiction of the growth mechanism of epitaxial graphene on SiC. The

image shows Si sublimation starting at the step leading to the formation of graphene
that grows to form a continuous layer of first single and then bilayer graphene over
the surface. The formation of bi- and multilayer can take place around the nucleation
site before the surface is completely covered. Reprinted from Reference 29, with
permission from Elsevier.
graphene has a higher charge carrier mobility and a better controlled doping level.

4.2 Properties
Many characteristics of epitaxial graphene on SiC are different from those of exfoliated graphene. An obvious reason is that the substrate interacts differently, for
instance leading to the opening of a small band gap of 0.26 eV (however, due to
unintentional electron doping from the substrate EF lies outside the gap).35 Another reason is the structural difference, which is directly related to the exact growth
conditions as described in the previous section. One example of this is that electronic properties of epitaxial graphene such as mobility and doping level are widely
spread when the number of layers is inhomogeneous,36 showing the importance of
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controlled growth of single layer graphene over the entire surface.
This section relates a few of the characteristics of epitaxial graphene on SiC to its
typical structure.

4.2.1

Effect of the buffer layer

A distinct property of epitaxial graphene on SiC is the existence of the buffer layer
below the graphene and on top of the SiC(0001) face. As described earlier, it is a
hexagonal carbon layer resembling graphene, but nonconducting due to chemical
bonds with the SiC substrate. It has been experimentally demonstrated that the
conducting states in the graphene are not perturbed by the buffer layer.37 However,
the buffer layer does have a strong effect on the doping of the graphene, due to
positively charged states that exist at the interface between the buffer layer and the
graphene. These states have a nonuniform energy distribution with strong local
variations.38 The result of these charges is a doping level of n “ 1013 cm´2 , which
correspond to a surface states density of „ 1013 cm´2 or to a donor density of „
1019 cm´3 coming from the SiC bulk.39 The charges in the buffer layer also suppress
the response to a back gate potential due to screening effects. This removes one
of the clear advantages of graphene on SiO2 : tunability of the charge carriers by
electrostatic back gating.
Another effect of the buffer layer on electronic transport can come from compressive strain that arises when cooling down from the growth temperature due to
the different thermal expansion coefficients of graphene and SiC.40 The existence of
states in the buffer layer that are related to the dangling bonds of the Si atoms is
41 but the number of these dangling bonds is expected to be low (less than
possible,?
10 per 6 3 unit supercell).19 The effects of the buffer layer on the spin transport in
epitaxial graphene is the subject of chapters 6, 7 an 8.

4.2.2

Polytypes

Epitaxial graphene is commonly grown on 4H-SiC and 6H-SiC. The electronic quality
of these two types is rather similar. Yakimova et al. showed recently that a more uniform growth can be achieved on 3C-SiC(111,)42 because a clean 3C-SiC(111) surface
has a preferential terrace step height of one Si-C bilayer and no terraces edges with
different retraction speed during Si decomposition, in contrast to the more commonly
used 4H and 6H polytypes.28

4.2.3

Crystal face

There exist clear differences between the structure and electronic properties of epitaxial graphene on Si-terminated SiC(0001) and on C-terminated SiC(0001̄). Already
the first reports of graphene on SiC(0001̄) showed that its electronic quality exceeded
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that of graphene on SiC(0001).15, 43 The intrinsic mobility of C-face graphene was
calculated to be 150 000 cm2 V´1 s´1 (not taking into account the doping due to the
substrate), one to two orders of magnitude higher than that of Si-face graphene.44
The difference between Si-face and C-face graphene is also apparent in their
growth and structure. There are some characteristic features for the growth mechanism of C-face graphene:
1. The C atoms of the (0001̄) surface are much less likely to form a covalent bond
with the first graphene layer, resulting in the absence of Si-C bonds in the
surface reconstruction.19 Thus, C-face epitaxial graphene has no buffer layer.
2. The main sources for graphene nucleation on SiC(0001̄) are screw dislocations
and atomic defects, instead of terrace edges.45, 46 The nucleation starts on the
terrace at defect sites in small craters due to thermal decomposition of the
substrate. It begins with the formation of few layer graphene domains, even
before they grow out to fully cover the substrate.47 During growth, the Si
decomposes at the crater edges, which then grow until they are connected and
there is full coverage of the substrate by several layers thick graphene.
3. C-face graphene consist of many domains that are rotationally disordered with
respect to each other.48
4. Their are two possible stacking orders reported for subsequent C-face graphene
layers. One describes a rotationally disordered stacking sequence, resulting in
an electronic decoupling between each layer and thereby maintaining the electronic properties of a single layer graphene49, 50 The other reports a conventional Bernal (AB) stacking with rotational disorder only between neighboring
domains.51, 52

4.2.4

Hydrogen intercalation

The buffer layer and its strong influence on the (electronic) properties of epitaxial
graphene on SiC can be removed by a process called hydrogen intercalation. Exposure
to molecular hydrogen (H) at high temperatures of 600-1000 °C and in atmospheric
pressure forms Si-H bonds in favor of the Si-C bonds of the buffer layer. Such a
treatment transforms any n-layer graphene with buffer into an (n ` 1)-layer without
buffer.53 This process is depicted in Figure 4.5. H-intercalated graphene is stable
up to several hundred degrees and the process is reversible by heating up the sample to temperatures above 700-950 °C.53–55 The removal of the buffer layer causes a
decrease in doping and an increase of the charge carrier mobility. One of the effects is the release of strains in the graphene layer upon intercalation. The small
temperature dependence of the mobility suggest a decoupling of the graphene from
the substrate.56 Similar results were obtained for intercalation using fluorine57 and
oxygen.58
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Figure 4.5: (a) Depiction of the buffer layer on SiC. (b) After hydrogen treatment, the

Si-C bonds saturate with H, turning the buffer layer into a graphene layer.

4.2.5

Ferromagnetism

It is relevant to mention here that two groups reported the experimental observation
of room temperature ferromagnetism in epitaxial graphene on SiC.59, 60 The property
of graphene being magnetic is not so obvious, as its atoms are mostly nonmagnetic.
One way of creating magnetic moments is by partial hydrogenation (see chapter
2). However, the mechanism for creating ferromagnetic order in these moments is
unknown. Crucial ingredients seem to be partially hydrogenated graphene combined
with the presence of the buffer layer, but follow up research is needed to understand
this phenomena better.60
The possibility of making ferromagnetic graphene has a potentially high impact on spintronic applications. The interface between magnetic and nonmagnetic
graphene would be great to study new and more effective ways of injecting spins
in graphene. A possible device geometry to study such an interface is shown in
figure 4.6. Another interesting phenomena worth mentioning was investigated by
Baringhaus et al.,61 who measured ballistic transport in specially grown epitaxial
graphene nanoribbons (also mentioned in a later paragraph). The authors studied
room temperature transport modes with conductivity of e2 {h, which is half the quantum of conductance, indicating that their system must be fully spin polarized.
These few experimental observations are strong indications that epitaxial graphene
on SiC might be a promising material for discovering new and useful phenomena in
the fields of magnetism and spin-polarized transport.

4.3 Applications
The large area and high quality of epitaxial graphene on SiC shows a good perspective for its use in large-scale electronics. This section highlights some of the current
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Figure 4.6: Proposed device geometry to study the spin injection properties of ferro-

magnetic epitaxial graphene on SiC. Using lithography, a graphene ribbon is defined
and selectively made ferromagnetic by hydrogen treatment (in red). A current injects spins from the ferromagnetic region into the nonmagnetic region, which are
then measured by the ferrromagnetic detector contact (blue). Sweeping an external B-field should align the magnetic moments in the graphene. If the graphene is
ferromagnetic, the measured voltage should show a hysteresis loop.

challenges and achievements for using epitaxial graphene in such applications.
Doping After lithographic patterning, the quality of epitaxial graphene is still comparable to exfoliated graphene,15 especially when the direction of the crystal structure and the terraces is taken into account during the fabrication process to minimize
the effects of edge and boundary scattering.62 Moreover, the material provides for
intrinsic band gaps in both single layer35 and bilayer,63 which can be utilized if one
has control over the doping. As explained in section 4.2, control over the doping
level in epitaxial graphene on SiC is not possible by a back gate due to screening of
the buffer layer. There are several ways to overcome this.
Intrinsic doping can be controlled by selecting a particular substrate and growth
mechanism, resulting in a fixed charge carrier density usually in the order of n “
1012 ´ 1013 cm´2 . One way of lowering the intrinsic doping level, is by defects induced strain by Ar ion bombardment, resulting in charge transfer from the substrate
and shifting the Fermi-level towards the Dirac point.64
Increased control over the charge carrier density can be obtained by using a double polymer layer.65 Here, the first polymer acts as a neutral spacer layer, while the
second acts as an electron acceptor that can be controlled by exposing it to UV-light.
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This method can reliably lower n to (low temperature) values of 2 ˆ 1010 cm´2 , and
increase the charge carrier mobility to 16 000 cm2 V´1 s´1 .
If one wants to make use of the unique properties of graphene, one would ideally
like to have control over the doping on the device level, by applying an electric field.
This can be achieved in the form of microfabricated top gates.66 Conveniently, it
is also possible to fabricate a conductive layer buried in the SiC substrate, using
nitrogen ion implantation before graphene growth. It has been shown that, after
growth and H-intercalation to remove the buffer layer and its screening effect, the
fabrication of a working back gate can be achieved.67

Field effect transistors One of the first demonstrated applications of epitaxial graphene
was in field effect transistors (FETs)66 which were shown to have high frequency cutoffs of up to 100 GHz,68 a promising figure of merit for radio frequency electronics.
Large circuits with interconnected graphene components on a SiC substrate have also
already been shown. Examples are a radio frequency mixer69 and an amplifier70 with
performance similar to state-of-the-art silicon based transistors.71
The poor on/off ratios of graphene transistors, make it unsuitable as a replacement for the fully developed metal-oxide-semiconductor FET logic in current processors. To overcome this problem, somehow a band gap has to be induced. By
engineering of their growth process, the group of De Heer was able to grow SiC
substrates with a large density of 40 nm wide nanoribbons.72 The trick was ensuring
preferential growth on nanofacets, which are the sidewalls of terrace steps on the SiC
substrate. This templated growth shows impressive results, such as the opening of
a band gap of „ 0.5 eV73 and even ballistic transport at room temperature,61 due to
precise control over the atomic structure over the ribbon edges.74
A different approach was shown by Hertel et al.75 They used the high performance semiconductor properties of SiC as the active component in there transistor
geometry and the graphene as the connectors. Their device design enabled the fabrication of transistor with on/off ratios of „ 104 and circuits performing logic operations.76

Outlook These results show that only a decade after the first realization of epitaxial
growth of single layer graphene on SiC, researchers have come with inventive ways
to use graphene in large scale device architectures. One of the first niche applications
is in metrology, where graphene on SiC outperforms the classic semiconductors in
a scheme to measure the Von Klitzing constant (h{e2 “ 2.6 ˆ 104 Ω) with extremely
high precision.77, 78 Continued efforts will surely bring other mature applications
that will be unique to epitaxial graphene on SiC, making use of the characteristics
that come with epitaxial growth on the SiC substrate.
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Figure 4.7: (a) Optical microscope image of an epitaxial graphene transistor array with

a density of 40 000 devices per cm2 . The scale bar is 100 µm. (b) Dirac curve showing
the gate-dependent conductivity of a typical device. The inset show the schematics
of an individual device with source (S), drain (D) and the gate (G) on top of the
graphene channel. The scale bar is 20 µm. Reprinted by permission from McMillan
Publishers Ltd: Reference 72, copyright (2010)
.
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