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Previously reported experimental findings on Si-intercalated gra-

phene on SiC(0001) seem to indicate the possibility of an interca-

lation process based on the migration of the intercalant through

atomic defects in the graphene sheet. We employ density functional

theory to show that such a process is in fact feasible and obtain

insight into its details. By means of total energy and nudged elastic

band calculations we are able to establish the mechanism on an

atomic level and to determine the driving forces involved in the

different steps of the intercalation process through atomic defects.

I. Introduction

One of the possible methods for the mass-scale production of gra-

phene is thermal decomposition of SiC.1 In this process, Si–C bonds

are broken and the detached C atoms form graphene, under

annealing at a sufficiently high temperature. This growth technique

does not require transfer of graphene onto another substrate, which

prominently improves the film quality2 and clearly is a huge advan-

tage for electronic applications. It has been reported in ref. 3 and 4

that a buffer layer forms between the graphene and SiC substrate,

which suppresses the substrate effect on the graphene as it passivates

the dangling bonds of the substrate.5,6 Formation of quasi free-

standing graphene is then possible by H and F intercalation between

the buffer layer and substrate.7,8

In the last few years, huge efforts have been undertaken to under-

standtheelectronic, structural, andmagneticpropertiesof intercalated

graphene systems both with and without the substrate.9–13 Intercala-

tion of Si is particularly interesting due to the fact that this material

forms the basis of modern electronics technology. In addition, Si

intercalated graphene systems are characterized by a particularly high

stability. Recently, Si intercalated graphene on C/Si-terminated SiC

has been reported experimentally.14,15 In ref. 14 the authors have

employed low-energy electron microscopy to study the surface

morphology during the growth of graphene and the Si intercalation

process. The dependence of the intercalation on the annealing

temperature has been addressed. Surprisingly, the authors find that

Si atoms are rather gentle to theC layers and donot create any type of

defect or dislocation even up to a temperature of 1000 �C.
However, the success of Si intercalation seems to depend on

the presence of defects in the graphene sheet. The authors observe that

Si intercalation is not possible in defect-free graphene, especially that

grown ex situ. Existing defects or domain boundaries appear to play

a key role. In addition, at a high temperature of about 1400 K

deintercalation of Si and formation of SiC on the surface are

observed. The importance of defects for the intercalation may

distinguish Si from other intercalants such as H, Li, F, K,

and Ge.7,8,16–19

A deeper insight into the mechanism of Si intercalation through

atomic defects is missing so far. In particular, the energy costs asso-

ciated with the different steps of the intercalation process as well as

the structural and electronic properties of the system during the

process are of great interest for the design of electronic devices. In the

present work we therefore use first principles calculations based on

density functional theory to investigate themechanism underlying the

Si intercalation of graphene on SiC(0001).

II. Methodology

The Quantum-ESPRESSO code20 is employed in our study, using

the Perdew–Burke–Ernzerhof parametrization of the generalized

gradient approximation for the exchange-correlation potential with

a plane wave cutoff energy of 816 eV. Structure relaxation is per-

formed up to a force convergence of 0.05 eV �A�1. Self-consistency

of the charge distribution is assumed for an energy convergence of

10�5 eV. Our supercell contains a 4 � 4 � 1 graphene sheet with a

single monovacancy (31 C atoms) on top of a C buffer layer and a

2
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p

R30+ SiC(0001) substrate. A 15 �A thick vacuum layer

prevents artificial interaction due to the periodic boundary condi-

tions perpendicular to the graphene sheet. The Si-terminated

SiC(0001) substrate is modeled by a slab of 4 SiC layers, where the

dangling bonds at the bottom of the slab are saturated by H atoms.

The top Si atoms of the substrate interact with the C buffer layer,

which results in a prominent buckling. An automatically generated

Monkhorst-pack 4 � 4 � 1 k-mesh is used. The van der Waals

interaction is taken into account for all the systems under study to

obtain accurate distances between the atomic layers.21,22 Energy

barriers are calculated using the climbing image nudged elastic band

method.23

We report in the following only the energetically most favorable

configurations out of the many possible configurations which we

have investigated. These configurations are depicted in Fig. 1, all

being fully relaxed. A defective graphene sheet lies on top of the C

buffer layer with a Si atom far away from the graphene sheet

(configuration 1A) and trapped at the defect (configuration 1B).

Configurations 2A and 2B describe the same situations for a second

Si atom and configurations 3A and 3B for a third Si atom.
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Comparing the energetics of these six configurations in the following

will allow us to understand the mechanism of the Si intercalation and

the structural modifications which the system undergoes during this

process.

III. Structural analysis

In configuration 1A the average Si–C bond length is found to be

1.96 �A, i.e., 3.6% longer than the bulk SiC bond length of 1.89 �A.24

The top Si atoms form covalent bonds with the C buffer

layer above, resulting in a prominent buckling of the latter with an

amplitude of almost 0.4 �A. Since there is little interaction with the

C buffer layer, the defective graphene sheet shows essentially

no buckling. The average distance to the C buffer layer is found

to be 3.3 �A, which agrees well with the interlayer distance in

graphite.

The Si atom approaches the defect in the graphene sheet and

finds there an energetically stable state (above the sheet). A similar

stable state exists symmetrically below the sheet, see configuration

1B in Fig. 1. A nudged elastic band calculation shows that between

these two states an energy barrier of 1.99 eV has to be overcome.

The value of the barrier suggests that Si intercalation is not possible

at low or room temperature but that a substantially high tempera-

ture is required, consistent with the experimental situation. The total

energy of configuration 1B is 11.02 eV lower than that of configu-

ration 1A. Table 1 summarizes the energetics of the configurations

shown in Fig. 1. While the C buffer layer and substrate virtually do

not react to the adsorption, the Si atom forms bonds with three

neighbouring C atoms. This saturation of the dangling C bonds at

the defect explains the huge energy gain of 11.02 eV and results in a

significant distortion and buckling of the defective graphene sheet.

The C–C bond lengths around the defect vary between 1.39 and

1.40 �A, while the bond length in pristine graphene is 1.42 �A. The C–

Si bond lengths are found to be close to 1.79 �A. A reduction of the

in-plane bond angles after the Si adsorption and the three-dimen-

sional distortion of the graphene sheet indicate that the sp2

hybridization of the ideal honeycomb lattice is replaced by a mixture

of sp2 and sp3 states.

From configurations 1A and 1Bwe have seen that a single Si atom

which approaches a defect in the graphene sheet by chance will be

adsorbed. However, the energetics show that it cannot migrate

through the defect to become intercalated. We therefore will next

address the effects of additional Si atoms, see configuration 2A. If a

second Si atom by chance comes close to the defect, which is already

occupied by one Si atom, it will also be adsorbed. Our calculations

clearly show that there exists a second stable adsorption site for a Si

atom slightly on top of the graphene sheet, see configuration 2B in

Fig. 1. Since the second Si atom in the relaxed structure is located

only 0.80�A above the defect, the initially adsorbed Si atom is pushed

downwards. However, there remains a local energy minimum in

which this atom is trapped. As the total energy is concerned,

configuration 2B is found to be 2.45 eV lower than configuration 2A.

This is the energy gain due to the adsorption of the second Si atom.

The structures of theCbuffer layer and the substrate are little affected

by the adsorption of the second Si atom. The same applies to the

gross features of the bonding between the first Si atom and the gra-

phene sheet.

Fig. 1 Side views of the configurations addressed in the present study.

Blue (big) and yellow (small) circles represent the Si and C atoms,

respectively. Configurations 1A/1B refer to the first approaching Si atom,

configurations 2A/2B to the second, and configurations 3A/3B to the

third. The buckled C layer on top of the SiC(0001) substrate is the

buffer layer.

Table 1 Total energy and energy differences of the configurations under
investigation (compare Fig. 1)

System Etotal (Ry) DE (eV)

1A �1836.64 11.02
1B �1837.45
2A �1848.56 2.45
2B �1848.74
3A �1859.91 0.54
3B �1859.95
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While so far we have obtained adsorption of two Si atoms at the

defect in the graphene sheet, we still are not able to intercalate Si

atoms. This changes when a third Si atom comes into play, see

configurations 3A and 3B. Comparison of the total energies of these

two configurations shows that the latter is favorable by 0.54 eV,

where an energy barrier of 1.39 eV has to be overcome according to a

nudged elastic band calculation. The value of the energy barrier is

similar to 1.37 eV obtained for diffusion of a monovacancy in gra-

phene25 and is also in line with 2 eV that is necessary for the trans-

formation of a hexagon–hexagon pair into a pentagon–heptagon.26

We have also addressed the dependence of the energy barrier on the

size of the defect by studying a divacancy. Because the Si atom here

can penetrate the graphene sheet more easily, the energy barrier

resulting from our nudged elastic band calculation is significantly

reduced to 0.51 eV. The calculated 0.54 eV energy gain by interca-

lation is the driving force of the intercalation process. It does hardly

depend on the specific position of the intercalated Si atom between

the defective graphene sheet and the C buffer layer. The basic

mechanism for Si intercalation is thus migration through atomic

defects in the graphene sheet. When the two stable adsorption sites at

the defect are already occupied and a third Si atom approaches, the

system can gain energy by shifting the first Si atom to an intercalation

site and the second Si atom to the lower adsorption site. The third Si

atom then occupies the upper adsorption site. During annealing, the

deposited Si atoms by this mechanism pass one-by-one through the

defect and form the intercalation layer.

Our results indicate that Si atoms prefer to form covalent C–Si

bonds rather than being intercalated. Therefore, the presence of

defects is essential for Si intercalation. Since the C–Si bonds are

weaker than the C–C bonds, the adsorption of Si cannot break the

graphene network, which was found to be an important mecha-

nism for Li intercalation.27 We note that the buckling of the buffer

layer is slightly stronger in the presence of the intercalated Si atom

in configuration 3B and that the interlayer spacing between the C

buffer layer and the defective graphene sheet has increased to 4.2
�A. Experimentally, Si intercalation is not possible at room

temperature. The Si atoms stay on top of the defective graphene

sheet. Our results show that adsorption of Si atoms at non-

defective sites of the graphene sheet also comes along with energy

gain, though much less than for adsorption at the defect. The first

Si atom therefore will be attracted by the defect. However, addi-

tional energy is required for the jump to the lower adsorption site

as well as to an intercalation site. As a consequence, intercalation

is not possible at low temperature. Experimentally, the sample has

to be annealed at 800 �C to enable intercalation.14

IV. Electronic structure

We now turn to the electronic structures of the different configura-

tions to study the influence of the intercalation. Band structures and

Si partial densities of states (PDOSs) obtained for configurations 1A,

1B, 2B, and 3B are shown in Fig. 2. In the case of configuration 1A

the Dirac cone is located 0.99 eV below the Fermi energy (EF), i.e.,

the system is strongly n-doped. The strong n-doping agrees with the

experimental result,14 but the experimental shift of the Dirac cone is

smaller, amounting to about 0.5 eV. Thep andp* bands (which form

theDirac cone) are purely contributed by theC atoms of the defective

graphene sheet. The PDOSs show that the states of the isolated Si

atom appear about 0.2 eV above EF. Finally, the single band which

touchesEF along at the K point is a mixture of pz orbitals from the C

buffer layer and the defective graphene sheet.

The n-type shift of the Dirac cone is reduced to 0.83 eV in

configuration 1B. The band originating from the C pz orbitals now

crosses EF. In contrast to configuration 1A, we find small Si contri-

butions to the states just below and above EF. When the second Si

atom is adsorbed, the situation is altered rather little. However,

around the K point the nature of the states changes from hole-like to

electron-like. Turning to configuration 3B, the Dirac cone is located

0.84 eV belowEF.We therefore find that the n-doping of the defective

graphene sheet is not subjected to strong modifications during the

intercalation process. After the intercalation, Si contributions to the

electronic bands are present in a broad energy range around EF.

V. Conclusion

In conclusion, employing first principles calculations we have

investigated the process of Si intercalation of graphene on a

SiC(0001) substrate. In particular, we have established an inter-

calation mechanism which is based on Si migration through

atomic defects of the graphene sheet. This mechanism has been

described step by step in terms of total energy considerations. In

addition, the effects of the intercalation on the electronic structure

of the defective graphene have been analyzed, showing that the

n-doping is hardly altered during the intercalation process. Unlike

H, Li, F, K, and Ge intercalation, Si intercalation is found to

require atomic defects in the graphene sheet.

Fig. 2 Electronic band structures along the path G-K-M-G with corre-

sponding Si s, px, py, and pz PDOSs obtained for the configurations 1A,

1B, 2B, and 3B as defined in Fig. 1. Red dashed lines indicate the position

of the Dirac cone. The PDOSs are averages over the Si atoms.
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