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Modulating doping and interface magnetism of
epitaxial graphene on SiC(0001)*
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On the basis of first principles calculations, we report that the type and density of charge carriers of epitaxial graphene
on SiC(0001) can be deliberately controlled by decorating the buffer layer with specific atoms (i.e., F, Cl, O, or N). More
importantly, a fine tuning of the doping behavior from intrinsic n-type to charge neutrality to p-type and interface magnetism
is achieved via increasing the doping concentration of F atoms on the buffer layer. Our results suggest an interesting avenue
to the application of epitaxial graphene in nanoscale electronic and spintronic devices.
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1. Introduction

The distinct electronic structure and physical prop-

1-4]

erties of graphene! or graphene-like two-dimensional

materials®) have aroused considerable interest. More par-
ticularly, graphene has been made a candidate of Si in the
post-Moore era. %1 Nevertheless, the successful development
of graphene-based electronics requires the large-scale syn-
thesis of high-quality graphene. The epitaxial growth of
graphene on SiC(0001) or SiC(0001) via high temperature
annealing is a promising fabrication strategy for technolog-
ical application.[!%13] Most importantly, the fine controlling
of the number of graphene layers has been realized!'*!]
on SiC(0001). The first graphene layer, acting as a buffer
layer, is covalently bonded to the Si-terminated substrate fit-
ting into a 61/3 x 64/3R30° reconstruction, 13-16-18] resulting
in distortion in the linear dispersion near Ep. This charac-
teristic spectrum of freestanding graphene is recovered with
the second carbon layer.l'>?°] However, the first few lay-
ers in epitaxial graphene are electron doped by charge trans-
fer from the substrate.l”'2*! As is well known, the pre-
cise control of the type and concentration of charge carriers
is at the heart of modern electronics. Therefore, counter-
acting this intrinsic electron doping to achieve charge neu-
trality or hole doping is also desirable for practical ap-
plication of epitaxial graphene to electronic devices. Re-
cent experiment and theory have shown that the epitaxial
graphene on SiC exhibits a transition from n-type to p-type

25261 Surface doping by external

under a top-gated voltage. !
chemical species, such as NO, molecules,?”! tetrafluorote-

tracyanoquinodimethane (F4-TCNQ) molecules, ?32°! hydro-
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gen atomics,[!”) or atomic layers of bismuth, antimony and
gold,?% is also an effective way to tune the carriers’ proper-
ties.

On the other hand, interface engineering has been widely
used to modify the structural and electronic properties in the
heterojunctions, such as BNC system,*!l carbon nanotubes
on InAs(111),3%! Si(0001)[33] surface, epitaxial graphene on
Ir(111).13* Wang ef al. proposed that n-doped or p-doped
graphene sheets on a chip could be achieved by modifying
the SiO, substrate with self-assembled layers of silane and
polymer in experiment.[*3 Indeed, in the system of epitaxial
graphene on SiC, Zhou et al. experimentally showed that the
doping of graphene was associated with the surface charges
at the interface, rather than the carrier concentration of the

e.[36

substrate.’®! Thus the first graphene layer and surface of

the substrate, acting as the interface, offer the possibility of

137.38] Some

using them for band engineering of the system.
studies introduced a configuration with graphene/intercalated
atoms/substrate for investigating the decoupling of graphene
and substrates by other atoms.!!%3431 In the system of epi-
taxial graphene on Si-terminated substrate, the first graphene
layer and the substrate are linked by covalent bonds, which
need high energy consumption to be broken up. Meanwhile,
the first and second graphene layers are held together by
van der Waals force. The interlamination between the two
graphene layers is relatively large. Therefore, it is easier for
atoms to be intercalated between the graphene layers. There-
fore, we mainly focus on the second case in this paper.

In this paper, employing ab initio density functional
theoretical calculations, we show both the type of epitax-
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ial graphene and the density of epitaxial graphene atoms on
SiC(0001) can be deliberately controlled via decorating the
buffer layer with specific atoms (i.e., F, Cl, O, N). More im-
portantly, the fine tuning of the doping behavior from intrinsic
n-type to charge neutrality to p-type and interface magnetism
are achieved by increasing the adsorption concentration of F
atoms on the buffer layer. For other atom doping cases, Cl
doping has similar effects to the F doping, and N decoration
is an effective way to induce a metal-semiconductor transition
with the Dirac point moving but not disappearing, while O
modification leads to a p-type doping. There have been ex-
perimental research studies of intercalation of F atoms!'°! and
the intercalation of O atoms, %) but not on the intercalation of
N atoms. As mentioned above, it is easier for atoms to be in-
tercalated between the graphene layers. After intercalation, F
atoms and O atoms may be adsorbed on the surface of the first
graphene layer, while N atoms are more likely to link the first
and second graphene layers. These are the atomic structures
to be studied in this paper.

2. Computational methods

Our calculations are performed in the framework of den-
sity functional theory (DFT) as implemented in the PWSCF
code.*!l The local spin density (LDA) approximation and
projector augmented wave (PAW) potentials are used to de-
scribe electronic exchange—correlation and electron—core in-
teractions, respectively. A kinetic cutoff of 400 eV is used
in the plane wave expansion. The systems studied here con-
sist of one, two or three carbon layers with Bernal stacking
on 6H-SiC(0001) substrate. We adopt a V3 x /3 substrate
cell to accommodate a 2 x 2 graphene cell, as an approxima-
tion of the realistic 64/3 x 64/3R30° model, which is too com-
plicated to be computed. The substrate is simulated by six
SiC bilayers with H saturated dangling bonds on the bottom
surface. The vacuum space of at least of 12 A is chosen to
eliminate the interaction between the slabs. The Monkhorst—
Pack k-points samplings of 7 x 7 x 1 and 15 x 15 x 1 grids
are used for geometric relaxations and electronic structure cal-
culations, respectively. All structures are fully optimized un-
til the Helmann—Feynman force on each atom is less than
0.02 eV/A.

3. Results and discussion

As shown in Fig. 1(a), for the pristine system, there are
three Si atoms at the surface of SiC substrate in a unit cell.
Two of them are covalently bonded with the C atoms in the
first graphene layer, with a bond length of 2.0 A, while the
third exhibits a dangling bond pointing toward the center of
the top C hexagonal lattice, with a distance of 2.55 A, con-
sistent with the previous report.[?”) Thus the first C layer is

found to be corrugated and behaves as a buffer layer, while
the subsequent layers display perfect planar honeycomb struc-
tures. The interlayer distance between the second graphene
layer and the rippled buffer layer is between 3.24 and 3.52 A.
Following the current convention, for the C atoms in the buffer
layer, we define the ones bonded to Si as Cy and the others
which are not bonded to Si as C;. Since the corrugation can
enhance the chemical activity of graphene to some extent, 4]
the doping of the buffer layer is expected to be easier than
that of the other C layer. However, to manipulate carriers,
another important question is to search for suitable p/n-type
dopants. Adsorbates which are much more electronegative
than C can act as electron acceptors, thus providing an effec-
tive way to counteract intrinsic electron doping. Here, F dop-
ing is considered first. For two graphene layers on the Si ter-
minated substrate, we check all the possible adsorption sites,
with some typical ones shown in Figs. 1(b)-1(d), and calcu-
late the corresponding average adsorption energies to find the
stablest configuration. The average adsorption energy (E,) is
defined as E, = [Esic_GR-adatoms — Esic-GR — Eadatom®] /1, Where
Esic.GR-adatomss> ESiC-GR»> Eadatom are the total energies of doped
system, perfect system, and a single isolated adatom, respec-
tively. As shown in Fig. 1(b), when F is adsorbed on the top
surface of the second graphene layer, the interlayer distance
varies between 3.00 A and 3.58 A, with E, being —3.44 eV.
However, when F is bonded to the bottom surface of the sec-
ond graphene layer [see Fig. 1(c)], the interlayer distance in-
creases dramatically, varying between 3.77 A and 4.29 A, with
E, being —3.38 eV. The variations of the two adsorption en-
ergies can be exactly explained by the difference in the inter-
layer distance between the two cases. Theoretically, for mov-
ing from the top surface to the bottom surface of the second
graphene layer, the F atoms need to cross a hexatomic ring of
graphene. The energy barrier is higher than 3 eV, which means
that it is not feasible to change from the state in Fig. 1(b) to the
state in Fig. 1(c). But the state in Fig. 1(c) can be actualized
in experiment, as F atoms may directly move into the inter-
lamination and then are adsorbed at the bottom surface of the
second graphene layer. At the buffer layer, F inclines to bond
with Cj, rather than the sp3 hybridized Cy, [Fig. 1(c)]. The cor-
responding C—F bond length is 1.41 A, and the E, is —4.87 eV
in this case, which is ~ 1.4 eV larger than those of other ad-
sorption cases. The fluorinated C; transforms from sp? to sp’
hybridization, This implies that when the F atom is interca-
lated into the interlamination of epitaxial graphene, its change
will be captured preferentially by the rippled buffer layer. The
original DB is saturated by the nearest top C; atom, with the
Si—C bond length being 2.14 A, because the F adsorption in-

creases the local deformation of the first C layer.
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Fig. 1. (color online) Optimized structures of perfect and doped epitaxial graphene on SiC(0001). (a) perfect system. (b)—(d) F decorated
systems with different adsorption sites. (d) and (e) The stablest configurations of O, N decorated epitaxial graphene.

Figure 2 shows the electronic structures of one, two, or
three graphene layers on SiC(0001) with the first layer dec-
orated by a single F atom. In comparison, we plot elec-
tronic structures of corresponding perfect epitaxial graphene
in Figs. 2(a)-2(c). It can be easily seen that all three perfect
epitaxial graphene layers are all n-type doped, which is con-
sistent with previous studies.'>>"! For a single graphene layer
on SiC(0001), its band structure significantly differs from that
of the isolated graphene and exhibits a wide energy gap of
1.66 eV. The graphene related linear dispersion appears when
the second layer is added on top of the first one and the Dirac
point falls 0.45 eV below the Fermi level. When there are three
C layers, the dispersion is similar to that of the isolated bilayer
graphene, but the band shift induced by intrinsic electron dop-

ing is slightly (about 0.35 eV) lower than that of the epitax-
ial bilayer. In addition, the built-in dipole field at the SiC-
graphene interface breaks the symmetry of the bilayer on the
buffer layer,[>!2>3] rendering a band gap opened by 0.13 eV.
This band gap is highly crucial for the application of epitaxial
graphene in nanoelectronics, however, the gap lies below Ef,
which will restrict its application. Interestingly, when the first
C layer is doped by an F atom, the Fermi level shifts down-
ward into the band gap (for the monolayer and three layers)
or to the Dirac point (for the bilayer). The weakly dispersive
state at the Er which is related to the DB at the interface!'®)
of the perfect epitaxial graphene disappears because the orig-
inal dangling bond is saturated after the single F adsorption.
Most importantly, although the buffer layer is decorated by
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an F atom, additional states are not introduced near the Fermi
level because F chemically bonds with the C atom and its or-
bits are located deeply below the Fermi level. Moreover the
typical electronic structures like graphene [Fig. 2(b)] and bi-
layer graphene [Fig. 2(c)] are not destroyed, and the electronic
properties are dominated by the C layers on the buffer layer.

M K r

A _9
r M K r r
Fig. 2. (color online) Band structures for one ((a) and (d)), two ((b) and
(e)), three ((c) and (f)) carbon layers on the SiC(0001). Curves in panels
(a)—(c) correspond to the perfect systems, while the curves in panels (d)-
(f) correspond to the doped system with the first C layer decorated by one
F atom.

Next, we increase the adsorption concentration of F atoms
until all the C; atoms in the buffer layer are adsorbed by F
atoms, that is, six F adatoms in the unit cell. Unlike the case
of single F decoration, one third of Si atoms at the interface are

not saturated, like a perfect system. However, the DB related
interface state of the six F atom doped system shows differ-
ent behaviors from those of the perfect system. Figure 3(a)
shows the band structures for one graphene layer with six-
F-atom decoration on SiC(0001). We find that the interface
state is split into an occupied state and an unoccupied state,
whereas it is a half-filled metallic state in the perfect system
[see Fig. 1(a)]. The significant differences can be clearly un-
derstood if one compares the band decomposed charge den-
sities of two kinds of interface states. For a perfect system,
its interface state is not localized, which results from the hy-
bridization of the dangling orbit of the Si atom with the quasi-
delocalized 7 network of the buffer layer. In contrast, after the
full fluorination of the C; atoms, strong 6-bonds form between
C; and F atoms, completely breaking the extensive 7-bonding
network. Thus the unsaturated Si atom at the interface has
little interaction with the buffer layer, resulting in a very lo-
calized interface state. Given the localized character of the
interface state, the electron hopping integral is expected to be
small, while the Hubbard repulsion of electrons would be large
and split the half filled band into halves, which have about
0.3 eV above and below the Ef, inducing spin polarization.
The spin density distribution [Fig. 3(c)] also shows that the
induced magnetic moments are mostly localized on the dan-
gling Si atom. With additional perfect graphene layer present
on this F decorated buffer layer, the system is still spin polar-
ized. Most interestingly, its linear dispersion is retained, but
the Dirac points are 0.42 eV above the Ef for both of the ma-
jor and minority spins [see Fig. 3(b)]. This shows that a strong
p-type doping of epitaxial graphene is achieved. In addition,
the DB state crosses with the typical linear 7 bands originat-
ing from the second quasi-free-standing graphene, implying
that we can mediate the DB induced magnetism through its
interaction with the itinerant 7 electrons.

—2
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1.01
0.5} =\ :

e !

05 H H H

—1.0¢

E/eV

~1.5 ’ :
r M K r

M K

r

Fig. 3. (color online) Band structures for (a) one and (b) two graphene layers on SiC(0001) with the first graphene layer doped
by six F atoms. The blue and red curves represent the majority and minority spin, respectively. (c) Spin density (p =p 1T —pJ)
isosurfaces of the six F atoms decorated single layer epitaxial graphene. The isosurface is 0.025 e/A3.
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So far, by analyzing the band structures, we know that the
doping behaviors of the epitaxial graphene can be finely tuned
from intrinsic n-type to charge neutrality to p-type by increas-
ing the doping concentration of F atoms on the buffer layer.
Then we turn to investigate how the F dopants tune the carrier
properties and charge transfer. Taking the systems containing
two graphene layers on the SiC for example, figures 4(a)—4(c)
show the contour plots of the charge density difference, de-
fined as Ap = pror — Proplayer — Psub+buffer» where Py, Proplayers
and Pgub+bufrer are the charge densities of the total system, the
isolated top graphene, and the isolated substrate and buffer
layer (pure or doped), respectively. The last two terms, Proplayer

(a)
=00 <O

?

and Psyb+buffer, are calculated by keeping the same equilibrium
geometry as that of the total system. For the perfect system, as
shown in Fig. 4(a), the charge accumulation is localized on the
top layer, while the charge depletion is concentrated near the
buffer layer. With one F atom decorating the buffer layer, the
charge accumulation and depletion are both assembled on the
top C layer [see Fig. 4(b)], so the top layer experiences a tran-
sition from n-type to neutrality. When more F atoms are ad-
sorbed on the buffer layer, a pronounced charge is transferred
to the F adsorbed buffer layer, and the charge depletion now
takes place on the top layer [see Fig. 4(d)], causing a p-type

doping of the top graphene layer.

Fig. 4. (color online) Contour plots of charge density difference of perfect system (a), single F atom decorated system (b), and six F atoms
decorated system (c). Gray, yellow, and blue balls denote C, N, and F atoms, respectively.

In addition, we also use Bader analysis, a measure of
charge quantity localized around a given atomic site, to give
a quantitative estimate of the charge variations of the F atoms
and graphene layers. For the perfect system, the electron
densities in the buffer layer and the top layer are ~ 4.88 x
10" ¢cm™2 and ~ 3.85 x 10'3 cm™2, respectively, consistent
When the buffer layer is

doped by an F atom, owing to the formation of another C-Si

with its n-doped band structure.

bond, an additional 0.44 electrons are transferred from the sub-
strate. On the other hand, the F atom shows an onsite charge
quantity of 7.64 e, which means that there are 0.64 holes in-
jected into the graphene layer. This is due to the larger elec-
tronegativity of F than that of C. Thus, the electron density in
the buffer layer is reduced to ~ 4.50 x 10'* cm~2, showing a
modest decrease. Most importantly, there is no charge trans-
fer to the top graphene layer, which makes the Dirac point
When the

buffer is adsorbed by six F atoms, with each F atom accept-

of the top layer lay exactly at the Fermi level.

ing 0.59 e, enough holes are injected into the graphene layers,
part of which can neutralize the electrons transferred from the

substrate. Then the buffer layer and top layer transform into

2

p-type, exhibiting hole densities of ~ 8.59 x 10'* cm™2 and

~4.51 x 1013 cm™2, respectively.

Finally, we investigate the effects of the doping of other
atoms (i.e., Cl, O, and N) on the buffer layer. Since Cl and
F subordinate to the same main group, similar configurations
and behaviors as discussed above are found. However, O dop-
ing on buffer layer shows quite different behaviors. As shown
in Fig. 1(e), it prefers to bond with two C; atoms. The local de-
formation of buffer layer resulting from O adsorption induces
the saturation of original DB of Si at the interface by the top
C; atom, with a Si—-C bond length of 2.06 A. The C-O bond
length is 1.43 A and the adsorption energy is —6.44 eV. Fig-
ure 5(a) displays the corresponding band structure, where we
can find that the Fermi level is about 0.25 eV below the Dirac
point, showing a p-type doping behavior. The linear dispersion
is modulated by the o band interacting with the unoccupied 7*
band, opening a tiny gap of 40 meV about the Eg. Figure 5(b)
shows the plot of the partial charge density of the ¢ band at
characteristic I" point. One can see that the & band is almost

entirely distributed by the O doped buffer layer.
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Table 1. Manipulations of carrier type and gap in graphene by atoms
(F, Cl, O, N) intercalations. F, or Cl, or O intercalation leads to a p-
type doping in graphene, but cannot open the band gap of graphene.
N intercalation cannot bring in external carriers but renders a band gap
opening, and the band gap is 0.25 eV.

Intercalated atoms F Cl O N
Doping type p-type  p-type  p-type —
Gap 0 0 0 0.25eV
( a) 1.0

—-0.5

—1.0

M K Ir

Fig. 5. (color online) (a) Band structure of bilayer graphene with buffer
layer doped by O on SiC(0001), with the top graphene energy bands being
highlighted by red lines. (b) Partial charge density of the ¢ band at the I
point. The isosurface is 0.05 e/A3. Gray, yellow, and red balls denote C, Si,
and O atoms, respectively.

Figure 1(f) shows the structure of N intercalation in the
epitaxial graphene. Since N has three unpaired p electrons in
its outer electron shell, the system is stablest when it interacts
with two C atoms in the top layer and one C atom in the buffer
layer to form sp> nonequivalent hybridization, with an adsorp-
tion energy of —4.95eV. The three C-N bonds lengths are

/

—— total

— toplayer
— bufferlayer
—N

E/eV

Fig. 6. (color online) (a) Band structure of bilayer graphene on Si-
terminated SiC substrate with N intercalation. (b) The curves of total
density of states and local density of states versus energy for top C layer,
buffer layer, and N.

1.387 A, 1.384 A (bonding with top layer), and 1.452 A
(bonding with buffer layer), respectively. Because the top C
layer forms strong ¢ bond with N atom, the location of the
Dirac point moves, not at K point as shown in Fig. 6(a). Be-
sides, a gap of 70 meV is opened and Fermi level is shifted
into the middle of the gap. The system experiences a metal-
semiconductor transition. The LDOS (Fig. 6(b)) clearly shows
the states near the Fermi level are totally contributed by the top
C layer.

4. Conclusions

In this work, we investigate the band engineering and in-
terface magnetism of epitaxial graphene on SiC(0001) by non-
metal atom doping. We find that its carrier type and density
could be effectively manipulated by specific atoms (i.e., F, Cl,
O, or N) decoration of the buffer layer. The fine tuning of
the doping behavior from intrinsic n-type to charge neutrality
to p-type and interface magnetism is achieved via increasing
the adsorption concentration of F atoms on the buffer layer.
Cl doping is similar to F doping. In addition, N decoration
is also a good way to induce the metal-semiconductor transi-
tion with the Dirac point moving but not disappearing, while
O modification can induce a p-type doping behavior. Our find-
ings establish the potential for epitaxial graphene applications
in nanoscale electronic and spintronic devices. Meanwhile,
the mentioned ideas of intercalation in the graphene/substrate
system can also be applied to similar systems such as sili-

cone/substrate.
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