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We study adsorption of the benzene molecule on the Si terminated (0001) surface of 4H-SiC by performing
�rst principles calculations in the framework of density functional theory. We �nd out that chemical reaction
leading to the chemisorption of benzene on the surface has endothermic character. The adsorbed benzene molecule
is bounded to two surface Si atoms and it does not lose its integrity, however, it undergoes strong deformations and
causes distortion of the substrate. We analyze also changes in the electronic structure caused by benzene adsorption.

PACS: 68.43.−h, 73.20.−r, 77.84.Jd, 31.15.A−

1. Introduction

In recent years, graphene has become promising mate-
rial for novel electronic and optoelectronics devices of the
future [1, 2]. However, the future commercialization of
graphene based devices heavily depends on the possibil-
ity to grow epitaxial graphene layers of su�ciently good
quality [3]. Presently, the growth technique of choice
seems to be chemical vapor deposition (CVD) employing
various hydrocarbons (such as methane, propane, or/and
benzene) as precursors deposited on metallic or silicon
carbide surfaces [4, 5]. The hydrocarbons, in a series
of chemical reactions catalyzed by the presence of sur-
face, usually lose their hydrogens and provide carbon
atoms that build graphene layers. These processes are
subject of intensive experimental and theoretical investi-
gations [1, 6�9]. In the present paper we report results
of our theoretical studies of the adsorption of benzene
molecule (C6H6) on silicon terminated (0001) unrecon-
structed 4H-SiC surface. This can be considered as mod-
eling of the very early stages of the graphene's growth by
CVD technique using benzene as precursor.
There is a potential advantage of using the benzene as

a precursor in the graphene growth over other hydrocar-
bons. Benzene's core has hexagonal symmetry and its
C�C bond lengths are close to these in graphene. There
exists rather extensive literature on the benzene deposi-
tion on metallic surfaces [10, 11], but also deposition of
benzene on semiconductor (111) silicon surface [12] has
been reported. We are also aware of experimental stud-
ies dealing with expansion of benzene to giant graphenes
[13] and investigating deposition of benzene on SiC sur-
face [14] to grow graphene layers.
The microscopic mechanisms of interactions of the ben-

zene molecules with the metallic and semiconductor sur-
faces are only weakly known. Very recently, the nu-

cleation of benzene on the Ni surface has been studied
theoretically within tight-binding approximation to the
density functional theory [15]. In this paper, we em-
ploy �rst-principles calculations to study adsorption of
the benzene molecule on the 4H-SiC (0001) surface. We
calculate adsorption energy, equilibrium geometry, and
the changes in the electronic structure caused by the ben-
zene adsorption.

2. Calculation details

The calculations of the adsorbed benzene molecule on
the (0001) SiC surface have been performed employing
slab approach within supercell geometry. In such a slab
structure, the active ideal Si surface is unsaturated (i.e.,
with dangling bonds), whereas the bottom C(000�1) sur-
face of the slab has been saturated with hydrogen mono-
layer, just to simulate the situation in the bulk. Since
we use numerical procedure that requires periodicity of
the system, the slab has been placed in a supercell with
3× 3× 2 periodicity and approximately 40 Å of vacuum
over the Si plane. This guarantees that the spurious in-
teraction between slab's surfaces is negligible.
The benzene molecule has been placed on the (0001)

Si surface and the calculations of the total energy and
equilibrium geometry have been performed within the
Kohn�Sham realization of the density functional theory
as implemented in the localized orbital based package
SIESTA [16]. The exchange-correlation functional has
been taken in the generalized gradient approximation
form of the Perdew�Burke�Ernzerhof (PBE) [17], and the
Troullier�Martins pseudopotentials [18] have been chosen
to account for electron-ion interaction. We have used the
kinetic energy cut o� for the wave function of 120 Ry and
the Brillouin zone (BZ) integration has been performed
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on 8 × 8 × 1 Monkhorst�Pack [19] sampling mesh, re-
sulting with 32 irreducible special k-points. Structural
relaxations of atomic positions has been stopped, when
the maximal atomic force on all slab atoms has dropped
below 0.04 eV/Å.

3. Results and discussion

Here, we investigate whether the benzene molecule can
be chemisorbed to the Si terminated 4H-SiC surface. We
start the computation of the equilibrium geometry of the
adsorbed benzene molecule by positioning the free ben-
zene molecule over the 4H-SiC (0001) in a random posi-
tion over Si surface (with 3 × 3 surface unit cell). This
surface has unsaturated Si dangling bonds that constitute
the reactive units of the structure [20]. Then the full re-
laxation of the atoms in the slab is performed and the
equilibrium geometry is obtained as depicted in Fig. 1.
We are now in the position to calculate adsorption en-
ergy of benzene molecule on the Si terminated 4H-SiC
surface, which we calculate according to the formula

Eads = Emol+slab − (Emol + Eslab), (1)
where Emol+slab denotes calculated electronic total
ground state energy of the optimized con�guration of
benzene molecule adsorbed on the slab surface, Eslab is
the total energy of the slab with clean surface, and Emol

is the energy of free benzene molecule. It turns out that
the adsorption energy is equal to Eads = −5.2 eV per
molecule in the 3 × 3 surface unit cell. Thus, benzene
experiences an exothermic reaction with the Si surface
that leads to chemisorption of benzene. In the calculated
stable con�guration, the benzene molecule is bonded to
two surface Si atoms, keeping simultaneously all hydro-
gen atoms bonded to the benzene's carbon atoms. The
length of C�Si bonds between the benzene core carbons
and surface Si layer atoms is equal to 1.92 Å, which is
very similar value to the typical C�Si bond length (1.92�
1.94 Å) inside the 4H-SiC bulk substrate. The benzene
core has signi�cantly distorted geometry and C�C bonds
in core hexagonal ring are variably stretched as shown in
Table and in Fig. 1. The C�C bond lengths of adsorbed
benzene molecule are somewhat larger than in free ben-
zene molecule or in graphene (1.395 Å and 1.42 Å, re-
spectively). The calculated typical C�H bond lengths
are of the order of 1.10 Å. As one can see from these
structural characteristics, the adsorbed benzene core has
completely broken its original hexagonal symmetry and
planar shape. Also the Si and C atoms on the slab surface
undergo considerable relaxation along the c-axis.
We have also investigated how the chemisorption of

benzene molecule changes the electronic structure of the
system. For this comparison, we plot the density of states
(DOS) of the slab representing pure SiC surface and slab
with the chemisorbed benzene molecule in Fig. 2.
As one can easily see in this �gure, the clean Si ter-

minated (0001) surface of 4H-SiC is metallic, exhibiting
non-zero density of states around the Fermi energy with
the width of roughly 3 eV. Adsorption of C6H6 causes

Fig. 1. Side and top view of the chemisorbed ben-
zene molecule on Si terminated 4H-SiC (0001) surface.
Large blue circles denote Si atoms while carbon atoms
are shown as medium sized brown circles and hydrogen
atoms as small red circles. The black line depicts 3× 3
surface unit cell.

Fig. 2. Density of states for 4H-SiC slab with clean
(0001) surface (blue dashed line) and of slab with
chemisorbed benzene molecule (continuous red line).
The bands are shifted in energy, so that the Fermi levels
coincide and are placed at zero of energy.

hybridization of surface orbitals with the local orbitals
of the adsorbent, which further causes the splitting of
central surface band of clean surface into two peaks with
approximately the same width.
In the case of isolated benzene, the DOS contains con-

tribution from twelve σ and three π bonds [20]. It is
interesting to compare the DOS of free benzene molecule
with the one of deformed C6H6 molecule adsorbed on the
surface. To do this, we compute the projected density of

TABLE

Calculated atomic bond lengths in distorted benzene
molecule chemisorbed on the clean 4H-SiC (00001) sur-
face, and Si�C bond lengths of between benzene's carbons
and surface Si atoms (Si1�C2 and Si2�C4). For compar-
ison, the bond lengths in free benzene and graphene are
enlisted.

C�C [Å] C�H [Å] Various bonds [Å]
C1�C2 1.619 C1�H1 1.116 Si1�C2 1.911
C2�C3 1.582 C2�H2 1.110 Si2�C4 1.924
C3�C4 1.552 C3�H3 1.107 C�C free benz. 1.395
C4�C5 1.500 C4�H4 1.121 C�C graphene 1.420
C5�C6 1.362 C4�H5 1.104 C�H free benz. 1.084
C6�C1 1.493 C6�H6 1.102
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Fig. 3. Comparison of the local density of states for
free benzene molecule (blue dashed line) and adsorbed
C6H6 deformed molecule on the Si terminated 4H-SiC
(0001) surface (solid red line). The intensity of pro-
jected adsorbate states in benzene + 4H-slab system is
rescaled. Bands of free benzene molecule are shifted in
energy to match the lowest state of the deformed C6H6

adsorbate system.

states using the local orbitals of the adsorbent. This com-
parison is depicted in Fig. 3. As one can see, the local
electronic structure of adsorbed C6H6 is strongly a�ected
by bonding to the 4H-SiC Si surface. Originally iso-
lated molecular bands of free benzene molecule have been
transformed to a continuous band in the (−8.5�0 eV) in-
terval as shown in Fig. 3. There are positioned about
ten pronounced peaks induced by the adsorbent between
−14 and 0 eV. At energy of −13.4 eV, the C6H6 molec-
ular peak is rather smeared due to adsorbent hybridiza-
tion, while at −10 eV the matching adsorbent band peak
is doubly degenerated. The rest of adsorbent-induced
peaks lies in the continuous part of wide band between
−8.5 and −1 eV. From the adsorbent local electronic en-
ergy spectra, we deduce that the σ C�H bonds are slightly
in�uenced by adsorption of benzene on the Si surface, as
it was previously observed in the case of benzene sym-
metrically bound to SiC surface through Si dimer [20].

4. Conclusions

We have investigated energetics of the adsorption of
the benzene molecule on the 4H-SiC (0001) surface by
DFT�GGA calculations. We �nd out that the adsorp-
tion energy of benzene molecule to the surface is negative
and that the adsorbed benzene molecule does not lose its
integrity. The chemical reaction leading to deposition of
benzene molecule exhibits exothermic behavior. The ab-
sorbed benzene molecule is bonded to two Si upper layer
atoms of 4H-SiC (0001) surface, it keeps all six hydro-
gen atoms, however, its geometry is strongly distorted.
Lengths of adsorbent�surface bonds are similar in value
with the Si�C lengths in the 4H-SiC substrate, whereas
the C�C bonds in the adsorbed benzene core are gener-
ally larger than in free molecule or in the graphene. Local
electronic structure of adsorbed C6H6 is signi�cantly af-
fected by bonding with 4H-SiC surface.
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