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Role of covalent and metallic intercalation on the electronic properties of
epitaxial graphene on SiC(0001)
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We present an orbital-resolved density functional theory study on the electronic properties of hydrogen
and lithium intercalated graphene grown on the Si face of SiC. Starting from the (6

√
3 × 6

√
3)R30◦ surface

reconstruction of the graphene/SiC heterosystem, we find that both H and Li can restore the ideal structural
characteristics of the two nonequivalent junction parts (i.e., graphene and the SiC substrate) when inserted at
the interface. However, the chemical and electrostatic interactions remain different for the two cases. Hence,
H-intercalated epitaxial graphene is subject to a sublattice symmetry-breaking electronic interference that perturbs
the Dirac point, whereas Li intercalation gives rise to a highly n-doped system due to a nonuniform delocalization
of Li charges. Results bring to discussion the role of substrate engineering in epitaxial graphene on SiC.
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I. INTRODUCTION

Graphene is a single-atom-thick crystal of sp2-hybridized
carbons that exhibits exceptional electronic properties due to
its linear dispersion relation around the Dirac point.1 During
the last years the quest for its use in fundamentals and
applications has boosted the research on processes that could
allow for a controlled synthesis of ordered graphene layers.
Within this context, epitaxial growth on SiC substrates has
emerged as one of the principal technologies for large-scale
graphene fabrication.2,3 The process could be better described
as a “degrowth” one, since SiC crystals are heated up to
temperatures that allow for an extremely higher sublimation
rate of the Si atoms with respect to the C ones. The
remaining C surface atoms recompose to form thin graphite
films. A proper calibration of the process parameters4 can
allow for the formation of single graphene layers directly
grown on a semi-insulating substrate, i.e., with no need
to be transferred elsewhere after the end of the thermal
treatment.

Epitaxial graphene can grow on both the Si and C faces of
the (0001) surface of hexagonal SiC polytypes,5 or similarly
at the (111) surface of cubic SiC.6 Even if both theory7,8

and experiment9 argue that C face epitaxial graphene should
electrically suffer less interferences from the substrate, Si
face growth results slower.4,5 Hence, a better control can be
achieved on the formation of single or few-layer structures. In
this case, a first carbon-rich interface layer with a (6

√
3 ×

6
√

3)R30◦ surface reconstruction (often called the buffer
layer) strongly binds to the substrate and is the precursor of
the overlying graphene films.5,10 Experimental evidence shows
that the presence of this carbon layer has a negative influence
in the conduction properties of the heterosystem with respect
to the SiO2-deposited case: measurements report an enhanced
surface polar phonon scattering mechanism,11 reduced mean-
free paths,11 and temperature-dependent mobilities,12 which
are characteristic of the diffusive transport regime. To this
end, intercalation techniques with various elements have been
proposed in the literature13–17 in order to detach the buffer layer
from the substrate and minimize the interface interaction. A
general characteristic of these processes is that the intercalated
element can form either covalent (e.g., H or Ge) or metallic

(e.g., Li or Au) bonds with the SiC(0001) surface and induce
a doping level, whose origin is often unclear.

In this paper, we report on the structural and electronic
properties of H- and Li-intercalated epitaxial graphene within
a comparative approach of functionalization with adatoms that
interact in a covalent and a metallic way with the substrate.
As a starting point, we recognize the problems related to the
presence of the buffer layer within a density functional theory
(DFT) description of the (6

√
3 × 6

√
3)R30◦ reconstruction

(Sec. III). We then proceed with an analysis of the structural
and electronic symmetry of the intercalated systems (Secs. IV
and V, for H and Li, respectively), arguing that the resulting
chemically modified interfaces are different in terms of effec-
tive doping, bonding, and electrostatic interactions. Finally, in
Sec. VI we discuss the versatility of substrate engineering in
tailoring the physical properties of epitaxial graphene on SiC.

II. METHODOLOGY

We use the DFT SIESTA computational code18 to perform
ab initio calculations, treating the electronic correlations
within the local density approximation (LDA),19 which has
been shown to describe properly the experimental aspects of
the graphene/SiC interface.10 Moreover, taking into account
the absence of nonlocal dispersive interactions in the LDA,
we also perform a comparative analysis for the intercalated
systems using different exchange-correlation functionals: in
the spirit of Ref. 20, apart from the LDA we use the
Perdew-Burke-Ernzerhof implementation21 of the generalized
gradient approximation (GGA) and the van der Waals (vdW)
functional of Dion et al.22,23 The epitaxial graphene structures
comprise two bilayers of a (6

√
3 × 6

√
3)R30◦ SiC substrate

(passivated with H at the bottom of the slab), over which
a single (13 × 13) graphene supercell relaxes in order to
satisfy lattice commensuration. The aspect of the correct
surface reconstruction is fundamental in the computational
modeling of the designated systems. Indeed, models based
on the simpler (

√
3 × √

3)R30◦ reconstruction,24–26 albeit
efficient in describing some of the basic electronic properties of
the SiC/graphene interface (e.g., n-type doping and presence
of the carbon-rich layer), are characterized by: (a) the lack
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of commensuration for the graphene and the SiC lattices
that leads to an 8% stretching of the graphene sheet, and
(b) a small periodically repeated (2 × 2) graphene supercell.
Repercussions of these aspects with respect to the results
obtained by the actual (6

√
3 × 6

√
3)R30◦ surface symmetry

are discussed in Sec. IV.
We model three different systems, i.e., the graphene/SiC

interface before and after intercalation with H and Li, con-
sidering a full and uniform coverage of the substrate by the
intercalating element in the form of a monolayer. A basis set
of double-ζ Sankey-type valence orbitals has been used for
C, Si, and H, while polarization orbitals have been added in
the case of Li. Convergence tests on a (

√
3 × √

3)R30◦-based
system have shown that the previous set can capture the
main band structure features obtained by a more accurate
basis that includes polarization orbitals for all elements. We
exploit the localized character of the atomic orbitals in order
to calculate the single-orbital contributions in the composite
electronic band structure: for each nonequivalent k point
sampled along the closed � → M → K → � Brillouin-zone
path we calculate the wave functions �n,k corresponding
to the n eigenstates. Based on the linear combination of
atomic orbitals �n,k = ∑

i ciφi (where ci are the weighting
coefficients and φi the pseudoatomic orbitals), we calculate
the square modulus of the total weight of the single orbitals at
the n-th eigenstate as: wn,k = ∑

j |cj |2, where the integration
runs over those indexes j � i for which we want to calculate
the contributions in the electronic structure. Contrary to
the variational approach in the calculation of the valence
electronic properties, the electronic contribution of the ionic
cores is statically described with norm-conserving Troulier-
Martins pseudopotentials27 that have been tested to accurately
reproduce the band structure of hexagonal SiC polytypes and
graphene. The minimization of the electron density is achieved
by sampling the Brillouin zone with a single-point Monkhorst-
Pack grid for the (6

√
3 × 6

√
3)R30◦ model and a 7 × 7 × 1

grid for the (
√

3 × √
3)R30◦ one. A mesh cutoff energy of

350 Ryd has been imposed for real-space integration, while
all structures have been relaxed with a force criterion of
0.06 eV/Å.

III. THE GRAPHENE/SIC(0001) INTERFACE

As a first step toward understanding the need for interca-
lation in epitaxial graphene systems grown on the Si face of
SiC, we calculate the structural and electronic properties of the
(6

√
3 × 6

√
3)R30◦ graphene/SiC interface. The relaxation of

the corresponding supercell gives rise to a corrugated carbon
layer with a thickness of ∼1.5 Å. The surface is characterized
by height-varying Moiré patterns that form hexagons with
edges of 10–12 Å, which correspond to the regions of the
carbon layer that are more distant from the substrate [see the
yellow (bright in grayscale) areas in Fig. 1(a)]. This structural
deformation with respect to the ideal lattice topology is also
reflected in terms of the chemical bonding, where an interplay
between sp2 and sp3 interface interactions appears. Quanti-
tatively, there exists a strong preferential disposition toward
the sp3 C-Si covalent bonding, which bounds the carbon
layer strongly to the substrate. This aspect comes in contrast
with the respective interface of C face epitaxial graphene,8

(a) (b)

FIG. 1. (Color online) (a) Color map topmost view of the
(6

√
3 × 6

√
3)R30◦-reconstructed first carbon-rich layer of an epi-

taxial graphene system showing the vertical positions of the C atoms.
Here, a gradual yellow (bright in grayscale) to red (dark in grayscale)
coloring indicates bigger to smaller distances from the substrate.
(b) Density of states as a function of energy for an ideal 4H-SiC
crystal (upper) and the graphene/SiC(0001) interface (lower).

where interface bonding is inherently weaker, and reflects the
weakness of the π -bond in Si with respect to C. The Si atoms of
the (0001) surface that do not covalently bind with the substrate
maintain the characteristics of the polar SiC(0001) surface
with a pronounced inward relaxation with respect to the ideal
position, while they introduce dangling-bond bands within the
SiC bandgap.28 This last feature characterizes the electronic
properties of the entire graphene/SiC heterostructure, where
a half-filled peak in the density of states at the Fermi level
(EF ) appears [Fig. 1(b), lower]. Moreover the 2pz orbitals of
the carbon epilayer, which originate from C atoms that are not
bound to the substrate, give rise to surface states within the
SiC bandgap. The key point that arises from these simulations
is that the graphene/SiC interface is electrically active. Such
feature should have an adverse impact on the device potential
of Si face epitaxial graphene systems, since it could be directly
related to the manifestation of leakage interface currents during
conduction.

IV. HYDROGEN INTERCALATION

Si-face grown epitaxial graphene can be used as a reference
system for the study of a number of fundamental physical
properties29 without the need of further processing. However,
the electrical use of such material within a device concept
dictates the need of an interface passivation with functional
adatoms through a post-growth chemical process. The simplest
example of intercalation from a monovalent element is that
of hydrogen, as proposed by Riedl et al.13 and followed by
others.12,30 Here, starting from the (6

√
3 × 6

√
3)R30◦ recon-

struction of the carbon-rich layer, we model H intercalation
by assigning a single H atom on top of each Si atom of the
substrate’s surface. This geometry is experimentally confirmed
by infrared absorption spectroscopy.12 Upon relaxation, H
atoms covalently bind with the interface Si atoms and restore
the ideal sp3 hybridization of the substrate [Fig. 2(a)]. As
a result, the structurally disordered carbon layer turns into
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FIG. 2. (Color online) (a) Geometry of the relaxed H-intercalated epitaxial graphene system. (b) Total band structure of the H-intercalated
system. (c) Contributions of the 2pz orbitals of the graphene layer in the total band structure. (d) Contributions of the substrate orbitals in the
total band structure. The z axis is perpendicular to the graphene plain.

an almost detached flat graphene sheet with a distance of
2.39 Å from the H interface layer and 3.92 Å from the
substrate Si atoms. The electronic band structure of this system
shows the (13 × 13) folded graphene bands and confirms the
minimal interaction with the substrate [Fig. 2(b)]. However,
a small perturbation appears at the Dirac point that opens a
bandgap of few millielectronvolts, in analogy with a similar
feature calculated for the interaction between graphene and
the (0001) surface of SiO2.31 We find this perturbation robust
for small horizontal shifts of the graphene layer with respect
to the substrate. Even if this gap is extremely small, well
beyond kBT at room temperature and difficult to reveal in
experiments, its physical origin is of a particular interest. A
careful analysis of the electronic Hamiltonian of the composite
system excludes an intervalley contribution on the electronic
perturbation. Instead, the origin of this interference can be
traced at the breaking of the sublattice symmetry32 due
to the unequal coupling between the two interpenetrating
triangular lattices of the graphene sheet and the localized Si-H
dipoles of the substrate, which have nonequivalent positions
with respect to the graphene atoms in the supercell. For
the smaller (

√
3 × √

3)R30◦ model, this symmetry-breaking
effect acquires an extreme form due to the fact that the
graphene sheet is defined by only eight periodically reproduced
C atoms and manifests in the form of wider band gaps in
the electronic band structure (see Table I). In this case, the
choice of the exchange-correlation functional becomes critical
and both the LDA and the GGA overestimate the graphene-
substrate interaction. Contrary, results obtained by the vdW

functional indicate that the inclusion of nonlocal interactions
due to fluctuating dipoles reduces the charge correlations at
the interface of H-intercalated epitaxial graphene systems.
When considering the (6

√
3 × 6

√
3)R30◦ model with the 338

graphene atoms in the supercell, the sublattice differences
get almost averaged out and all functionals converge in a
minimal Dirac-point perturbation, which is consistent with
the experiment. It should be noted here that this effect
is inherent with nonuniform electrostatic potentials induced
by substrates with atomic arrangements that are unequal to
that of graphene.10,31 However, its quantitative manifestation
in the H-passivated SiC(0001) case, as obtained by the
(6

√
3 × 6

√
3)R30◦ cell, is negligible. A second issue worth

mentioning for the (
√

3 × √
3)R30◦ case is the shift of the

graphene eigenstates with respect to the substrate levels due to
fictitious strain, which results in a positioning of the Dirac cone
closer to the valence band of SiC with respect to the bigger
supercell. Nonetheless, all models converge in the designation
of charge neutrality at the Dirac point. Consider the following

TABLE I. Comparison of the energy gap values (Eg) of the
H-intercalated epitaxial graphene system for the (

√
3 × √

3)R30◦

and the (6
√

3 × 6
√

3)R30◦ models within the LDA, GGA, and vdW
exchange-correlation functionals.

Model LDA GGA vdW

(
√

3 × √
3)R30◦ 130 meV 80 meV 15 meV

(6
√

3 × 6
√

3)R30◦ 8 meV 5 meV 5 meV
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(a)
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FIG. 3. (Color online) (a) Side view of the relaxed Li-intercalated epitaxial graphene system. (b) Top view of the Li-intercalated system.
(c) Top view showing only the Li atoms that occupy the hollow positions of the first SiC bilayer.

two points of this aspect: on one hand, the absence of an
effective doping in this system shows that the H-passivated
SiC(0001) surface looses the characteristics of the free polar
SiC(0001) surface and does not introduce Fermi-level-pinning
midgap states in the electronic structure. On the other hand, the
simulation of an extremely thin SiC slab neglects the formation
of intrinsic dipoles formed at the (0001) direction of hexagonal
SiC polytypes and may undermine their doping contributions.
In this sense, the results presented in this paragraph should be
more suitable for cubic, rather than hexagonal SiC.

V. LITHIUM INTERCALATION

The main problem with the use of atomic hydrogen in the
chemical detachment of the graphene and SiC interface is that
it can also functionalize the graphene layer itself,33 giving rise
to sp3-type defects. Such defects are at the origin of transport
pseudogaps arround the Dirac point during electrical conduc-
tion and can substantially increase the electronic localization
and, hence, the electrical disorder.34 A possible solution toward
this direction could be the intercalation with elements that do
not disturb the planarity and the sp2 character of the graphene
sheet. Lithium fulfills this prerequisite.35 Experimentally, Li-
intercalation has been proposed by Virojanadara et al.,14 who
showed that Li, as a highly reactive lightweight monovalent
metal, can penetrate the strongly bound carbon-rich layer
and position on top of the SiC substrate. Motivated by such
an experiment, we model Li-intercalated epitaxial graphene
systems considering an equivalent to H complete coverage
of the SiC surface. Structurally, also in this case the carbon
interface layer relaxes into a flat graphene position with a
vertical distance of 2.37 Å from the Li adlayer and 4.41 Å

from the Si atoms of the substrate [Fig. 3(a)]. However, as
a first difference with respect to the H case, we find that
the minimum-energy configuration for the relaxation of Li
atoms is at the hollow positions of the first substrate bilayer
[Figs. 3(b) and 3(c)]. The reason for this symmetry originates
from the bonding interactions between the Li adlayer and the
substrate. We find an important charge transfer from the Li
atoms to a region between Li and the Si atoms of the substrate’s
surface, localized on the top of the Si atomic positions. Such
configuration guarantees the pure sp3 hybridization of the
substrate, while it leaves a cation at the location of the Li atom.
The unequal chemisorption of H and Li on the graphene and
SiC interface could be also reflected in a different subgraphene
interdiffusion mechanism during the intercalation process.

The electronic band structure obtained by this composite
system shows highly concentrated bands throughout the hole
region of the spectrum that are difficult to interpret. In
this sense, an orbital-resolved analysis is necessary for the
determination of the local contributions in the total electronic
structure. Considering, therefore, the contribution of the 2pz

orbitals that originate from the graphene layer, we obtain a
band structure that is equal to that of ideal graphene for a
large energy range around the Dirac point [Fig. 4(a)]. This
result denotes that the detachment from the substrate also
in the case of Li intercalation is almost complete, while unlike
the H-intercalated case, we do not obtain any interference
at the Dirac point due to a better screening of the substrate
from the Li ionic cores. The important aspect though is that
the graphene sheet is highly electron-doped (as also calculated
for a low-coverage Au intercalation36), with the Dirac cone
lying ∼1.3 eV below the Fermi level of the heterosystem. This
high effective doping is due to the electrostatic interactions
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FIG. 4. (Color online) Orbital-resolved band structure for the Li-intercalated epitaxial graphene system, showing the contributions of the
(a) 2pz orbitals originating from the graphene C atoms, (b) all orbitals originating from Li atoms, and (c) all orbitals originating from the
substrate C/Si atoms. The z axis is perpendicular to the graphene plain.

between the graphene layer and the Li cations, which gives
rise to a shift of the graphene bands within the valence band
region of the SiC substrate [Fig. 4(c)], making the whole
system electrically active at the vicinity of the Dirac point.
The analysis of the electronic Hamiltonian of the composite
system here shows an important decrease of the onsite energies
of the C atoms with respect to the case of H-intercalation. This
aspect is important if we consider that the actual intercalation
process may not be uniform throughout the entire breadth of
the graphene layer. In this case, we can expect an Anderson-
type disorder arising from the energetic mismatch between
intercalated and nonintercalated regions. A further proof of the
differences between the H- and Li-intercalated systems results
from the calculation of the binding energies of the graphene
layer on the passivated substrate: here the LDA values are 0.06
and 0.108 eV per C atom, respectively. Finally, it is interesting
to note that the quasiflat bands originating from the Li orbitals
[Fig. 4(b)] maintain a higher-energy position with respect to
the Dirac cone and, hence, should not interfere during electrical
conduction around Dirac-point energies.

VI. DISCUSSION

The extrapolation of device-requested characteristics, like
high electron mobilities and densities, from epitaxial graphene
systems grown on the Si face of SiC makes necessary the
passivation of the interface between graphene and SiC. Toward
this objective, intercalation techniques with various functional
elements have been proposed in the literature. In this article we
have studied within a DFT framework the electronic structure
properties of the nonintercalated as well as intercalated inter-
faces between graphene and the Si face of SiC, starting from
the actual (6

√
3 × 6

√
3)R30◦ reconstruction of the graphene

and SiC heterosystem. We identified some issues related to
the graphene and SiC coupling, like the presence of midgap
interface states within the SiC bandgap, which could give
rise to plausible faults in the expected electrical behavior. We
thereon studied two different intercalated systems with H and
Li adatoms, respectively, and saw that, although in both cases
the strongly bound carbon-rich layer gets detached from the
substrate, different electronic properties distinguish the two
structures: in the case of H intercalation we observed a minimal
perturbation at the Dirac point as a consequence of substrate-
induced interference from localized Si-H dipoles, while in the
case of Li intercalation we obtained a highly n-doped ideal
graphene band structure with the position of the Dirac cone
within the valence band of the SiC substrate. A critical com-
parison between these two examples unfolds the potentiality
of substrate engineering in epitaxial graphene on SiC.

It can be argued that research on intercalation processes for
the use of epitaxial graphene in applications should focus on:
(a) a full and uniform substrate coverage, (b) an absence of
functionalized areas on the graphene layer, and (c) an absence
of nongraphene states around the Dirac point. Moreover, the
level of doping can be appropriately used in order to engineer
the active regions for device components. Within this context,
both covalent and metallic intercalation mechanisms could be
useful for future epitaxial graphene device integration.
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