
Epitaxial graphene produced from SiC 
substrates exhibits a carrier mobility 
reduct ion thought to ar ise f rom 
intercalated silicon.  We present the 
results of density functional simulations 
of Si intercalated graphene and show 
that individual silicon atoms are highly 
mobile on and between graphene 
sheets, suggesting that thermally stable 
structures involving individual Si 
impurities are likely to result from the 
interaction of silicon with defects in the 
graphene sheets.

Si adatoms were analysed starting from many initial structures to determine whether there is a 
preferred site.  Although there is a variation in energy with adatom position, there is no indication 
for formation of a strong covalent interaction with either plane.  There appears to be a marginal 
favourability for association with single or pairs of C atoms, the latter being illustrated 
schematically in Figure 1.a.  The barrier for migration, calculated for a 3  3 section of graphene, 
is just 30meV and 70meV on mono-layer and within bi-layer graphene, respectively.  Given the 
intrinsic uncertainty in the results of the calculation, we are unable to provide a conclusive 
location for the Si atom in equilibrium. However, the weak interactions and the small calculated 
activation energy for migration indicate that Si adatoms would be expected to migrate freely, 
even at relatively low temperatures, and therefore be lost to traps where stronger binding is 
possible.  Such systems may be constituted from the insertion of Si into a graphene plane, 
should vacancies be present.

The addition of Si adatoms leads to an apparent transfer of electrons from the adatoms to the 
graphene, as shown in the band structure figure 2.a.  The addition of Si atoms to the graphene 
in such a weakly bonded form is therefore expected to effectively dope the graphene n-type.

Substitution of C by Si results in considerable lattice strain due to the large size difference in the 
atomic species.  We find that the presence of a single Si substitution leads to relatively long-
range distortion of the graphene sheet, as illustrated schematically in figure 1.b.  Si does not 
favour sp2 hybridisation, and indeed the local structure is strongly indicative of an sp3 
hybridisation.  The C-Si-C bond-angles are found to be 107 degrees, but the Si-C bond-lengths 
are 1.7  , around 8% shorter than those in SiC.  Despite the interruption to the bonding, the lone-
pair of the silicon atom is found to lie below the Fermi-energy     of the host graphene, and the 
band-structure (not shown) resembles that of the underlying material.  We find that single 
substitutional Si does not electrically dope graphene.

Calculations were carried out using the 
l oca l -dens i t y - func t i ona l t echn ique , 
implemented in AIMPRO [3].  Mono- and bi-
layer, AB-stacked graphene are modelled 
using a hexagonal lattice where the in-plane 
lattice vectors are             and ,            and 
the    - axis length is chosen to minimise 
image interactions.  The Brillouin-zone is 
sampled using the Monkhorst-Pack scheme, 
where convergence has been checked with 
various mesh densities.  Core-electrons are 
eliminated by using norm-conserving 
pseudo potentials.  The wave function basis 
consists of atom-centred Gaussians.  
Carbon and silicon atoms are treated using 
linear combinations of s- and p- orbitals with 
the addition of d- functions to allow for 
polarisation.  Matrix elements of the 
Hamiltonian are determined using a plane 
wave expansion of the density and Kohn-
Sham potential [4] with a cutoff of 350Ry, 
yielding total energies converged to ~1meV. 
Activation energies for atomic motion have 
been obtained using the climbing nudged-
elastic-band method [5].
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The basic mechanism for growth of epitaxial 
graphene (EG) from SiC include heating the 
substrate (either in UHV or in inert 
atmosphere) typically in the range of 
1250-1800C.  At these temperatures, the 
surface Si atoms sublimate and the 
remaining carbon atoms rearrange to form 
thin carbon layers. 
The first layer grown exhibits a strong 
chemical interaction with the substrate (the 
so-called buffer layer), but with a further 
increase in temperature subsequent layers 
exhibit properties that are consistent with 
those associated with ideal graphene.  
However, as more graphene layers form via 
further sublimation of silicon, it would become 
difficult for Si atoms to penetrate through the 
graphene film. Hence, Si atoms must travel 
laterally through the sheets, which could be 
an extremely slow process. As a result, Si 
could be trapped between the layers and act 
as an intercalated atom.

Recently, Caldwell et al reported the 
presence of such trapped atomic silicon 
between epitaxial graphene layers using XPS 
measurements carried out on epitaxial 
graphene films bound to thermal release tape 
that was used for the removal and transfer of 
these layers to other substrates [1]. Since the 
centre to centre separation of inter-layer 
hexagons of graphene is close to the Si bond 
length (~4.5% difference), the intercalated Si 
atom should fit well at this hollow graphene 
interstitial site [2]. Due to the presence of 
intercalated Si atoms, the inter-layer distance 
of graphene layers can be dramatically 
increased, which may in turn affect the 
conduction properties of the graphene layers.

Indeed this intercalated Si could act as an 
isoelectronic dopant, which could be 
responsible for the large carrier densities 
observed in epitaxial graphene [1]. 

Here, we explore the expected impact of 
such intercalated silicon atoms upon the 
structural and electronic properties of the 
graphene layers using DFT simulations.  
From these calculations we propose three 
possible configurations for the Si within the 
EG, two of which modify the band structure, 
consistent with the assertions of Caldwell et 
al [1].
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Conclusions

The rehybridisation and induced curvature of the graphene can be eliminated by the 
substitution of a pair of C atoms with a single Si atom, figure 1.c, resulting in a planar,   
symmetry centre.  Although this structure disrupts the structure of the surrounding graphene 
less than a simple single substitution, there is a significant impact upon the electronic structure.     
is shifted downwards relative to that of pristine graphene which may be viewed as p-type 
doping.  For a silicon concentration of ~3%, this results in a shift of the order of 1eV.  The 
calculated band structure is plotted in figure 2.b, showing an appreciable hole concentration.

The final structure we present is that where the silicon atom bridges two graphene sheets.  One 
way that this may be achieved is to start with simple substitutional Si, but also may be attained 
by removing a C atom from the second graphene layer.  Such a structure results in a silicon 
impurity covalently linked to both planes of carbon, as shown schematically in figure 1.d.  This 
structure, as with silicon replacing two carbon atoms in a single sheet, results in a substantial 
downward shift in      (not shown), again reflecting p-type doping.

The observed thermal stability may suggest 
a chemical ly bonded site, such as 
substitution within the graphene planes or 
bonding between planes. The mobility of 
adatoms means they would be lost to traps 
within the graphene, or to the edges of the 
graphene sheets.  However, in the absence 
of trapping sites a dynamic equilibrium 
concentration of adatoms might persist.  
Given the experimental high concentration 
of Si, the potential for adatoms to combine 
with each other is expected to be high, and 
the properties of such aggregates will be 
discussed in a future study.  However, we 
note the high adatom mobilities are 
consistent with the report by Jernigan et al 
[6], where it was shown that annealing of 
EG layers transferred to sapphire in UHV at 
T>1200C resulted in reductions in both the 
carrier density and the Si concentration.
If the Si-content reflects a local thermo-
dynamic equilibrium then high energy states 
for the Si are unlikely to be present.  The  
energies of different states for Si can be 
approximated assuming the carbon 
chemical potential is defined by perfect 
graphene. Consistently, the single Si 
substitution is slightly less favourable than 
adatoms (by 0.3-0.5eV), and vacancy-
containing centres are higher in energy.
Exper iment suggests that mater ia l 
containing Si is doped.  If one assumes that 
S i i s respons ib le fo r dop ing , one 
interpretation may be that Si exists as a 
defect centre that both affects       , acting 
as a scattering centre. 
However, the assumption that Si is 
responsible for both the doping and the 
mobility is not clear from experiment.  
Indeed, the EG is polycrystalline, and 
therefore grain boundaries are potentially 
important in the electrical properties.
In conclusion, DFT simulations predict that 
the presence of Si on or within graphene 
has the potential to form electrical dopants.
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Figure 2 : Band structures of 4 x 4 primitive graphene cells. (a) silicon adatom, and (b) Si substituting 
for two C neighbours.  Filled and open circles represent occupied and empty bands, and lines the band 
structure for pristine graphene.  The arrow denotes the Dirac point and the Fermi level is at 0eV

Figure 1 : Si defects in graphene. (a) Si adatom, (b) Si substituting for C, (c) Si substituting for a pair 
of nearest neighbour C atoms and (d) Si linking a pair of graphene vacancies.  All bond lengths are 
in    .  In figure 1 (d) the six C atoms adjacent to the Si have been enlarged to enhance clarityÅ
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