Semiconducting Graphene on Silicon
from First-Principles Calculations
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ABSTRACT Graphene is a semimetal with zero band gap, which

makes it impossible to turn electric conduction off below a certain
limit. Transformation of graphene into a semiconductor has
attracted wide attention. Owing to compatibility with Si technology,
graphene adsorbed on a Si substrate is particularly attractive for
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future applications. However, to date there is little theoretical work
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on band gap engineering in graphene and its integration with Si technology. Employing first-principles calculations, we study the electronic properties of

monolayer and bilayer graphene adsorbed on clean and hydrogen (H)-passivated Si (111)/Si (100) surfaces. Our calculation shows that the interaction

between monolayer graphene and a H-passivated Si surface is weak, with the band gap remaining negligible. For bilayer graphene adsorbed onto a

H-passivated Si surface, the band gap opens up to 108 meV owing to asymmetry introduction. In contrast, the interaction between graphene and a clean Si

surface is strong, leading to formation of chemical bonds and a large band gap of 272 meV. Our results provide guidance for device designs based on

integrating graphene with Si technology.
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he zero band gap of graphene makes
Tit impossible to turn off electrical

conduction below a certain limit.'
Band gap widening of graphene has thus
attracted wide attention, because a sizable
band gap can vastly enhance the potential
of graphene in various applications.? The
electronic properties of graphene can be
modified by the application of magnetic
and electric fields, molecule or atom ad-
sorptions, interactions with substrates, and
geometry control and chemical doping
in graphene>~ "> Major chip makers are
actively pursuing graphene research, as
the International Technology Roadmap for
Semiconductors widely considers graphene
as a promising candidate material for post-
silicon electronics.

There are two practical routes to obtain a
band gap in graphene. One route is to fab-
ricate the graphene sheet into nanoribbons
(to produce a band gap >100 meV).'¢"2°
Another route is to break the equivalence
between sublattices by putting graphene on
a substrate.>?'>* Various remarkable elec-
tronic properties of graphene have been
achieved via substrate-induced perturba-
tions. Different materials, including SiC,>>~%®
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BN, %731 $i0,,3273* and metals,”>>~3® have
been successfully used as the substrates.
Based on DFT calculation results, the band
gap of graphene was obtained at 260 meV
on SiC,?® 53 meV on h-BN,?® and 15 meV on
a Si0, (0001) surface,®* respectively. Besides
single-layered graphene, the band gap
modulation on bilayer graphene is also
reported. Ohta et al3® first reported the
synthesis of bilayer graphene by depositing
it on insulating silicon carbide and tried to
control the band gap of bilayer graphene by
controlling the carrier density. Zhang et al.*°
obtained a gate-controlled, continuously
tunable band gap of up to 250 meV by
applying a variable external electric field.
Similar work on the tunable band gap of
bilayer graphene caused by the electric field
effect was also reported by Castro et al.*'
Silicon is the dominant material in the
semiconductor industry. For its compatibility
with Si technology, graphene adsorbed on a
Si substrate may be a promising substitute
for future applications. Hackley et al.*? used
solid source molecular beam epitaxy to grow
graphitic carbon on Si(111). Xu et al.*® per-
formed experiments and ab initio calcula-
tions to study the electronic properties of
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graphene deposited on clean and hydrogen (H)-passi-
vated silicon (100) substrates. They found that a Si
(100)/H surface does not perturb the electronic proper-
ties of graphene, whereas the interaction between the
clean Si (100) surface and graphene changes the
electronic states of graphene significantly. J. S. Moon
et al.* reported top-gated graphene-on-Si n-FETs and
p-FETs on 75 mm diameter Si (111) substrates showing
clear ambipolar characteristics. Based on ab initio
calculations, Tayran et al.* found that the graphene
layer formed strong bonds with bare Si and a wavy
structure via covalent bonding to Si.

Experimental studies**** revealed promising appli-
cations of graphene adsorbed on a Si substrate. How-
ever, theoretical studies are necessary to illustrate the
interaction modes between graphene and a Si sub-
strate to design applications. Previous theoretical stud-
ies provided only relatively limited information for the
interaction between graphene and Si (100)** or Si
(111).** Here, we perform a systematic and detailed
density functional theory (DFT) study of monolayer and
bilayer graphene adsorbed on clean and H-passivated
Si (111)/Si (100) surfaces in all possible configurations.

We find that the H-terminated Si (111)/H or (100)/H
surface does not affect the electronic properties of the
adsorbed graphene. In contrast, interactions between
a clean Si (111) or Si (100) substrate and graphene
change the electronic properties of graphene signifi-
cantly. The resulting nonequivalence of the two carbon
sites leads to opening of band gaps as high as 272 meV
in monolayer graphene at the Dirac points. For bilayer
graphene, the upper layer keeps the “perfect” plain
structure and the unique physical properties of gra-
phene, with a finite band gap of 108 meV, whereas the
lower layer shows no graphitic electronic properties
but acts as a buffer layer (BL) between the substrate
and subsequent graphene layers.

RESULTS AND DISCUSSION

Monolayer Graphene on a Si Surface. We construct the
structures of monolayer graphene on a Si surface
according to the three configurations “T”, “B”, and
“H", as shown in Figure S1 in the Supporting Informa-
tion. The initial distance between graphene and the
topmost layer of the Si surface was set to 2.5 A for both
hydrogenated Si and clean Si, which is the typical van
der Waals interaction distance. Detailed modeling and
structural information can be found in the Supporting
Information.

After full geometry optimization, we find no cova-
lent bonding between C and Si atoms for Si surface
passivated by hydrogen atoms (Figure 1a—d). For a
clean Si surface, the graphene layer is attached to Si
forming Si—C ¢ covalent bonds (Figure 1e—h). For a
Si(111) surface, the Si—C bond lengths range from 2.06
to 2.18 A (B), 2.06 to 2.19 A (H), and 2.04 to 2.10 A (T),
respectively. For a Si (100) surface, the Si—C bond
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lengths range from 2.06 to 2.07 A. The Si—C bonds
are slightly longer than the SiC bond length (1.92 A),
indicating there is strain energy in forming Si—C bonds
between graphene and Si.

In Table 1, we summarize the adsorption energies of
a graphene monolayer on Si surfaces. The adsorption
energies are calculated according to

AE = Egraphene/Si - (Egraphene +ESI)

where Egraphenessi IS the total energy of the hybrid
system, Egraphene is the energy of the isolated gra-
phene, and Eg; is the energy of the relaxed Si substrate.

Since graphene forms chemical bonds with a clean
Si surface, the adsorption energy of graphene on a
clean Si surface is higher than that on a hydrogenated
Si surface. By the same token, the average distance
between graphene and a clean Si surface is shorter
than that between graphene and a hydrogenated Si
surface.

From Table 1, the adsorption energies and the
average distances indicate that graphene interacts
stronger with a Si (111) surface than a Si (100) surface.
In graphene/Si (111) hybrid systems, four Si—C bonds
are formed among 18 C atoms, whereas only eight
Si—C bonds formed among 84 C atoms in a graphene/
Si (100) hybrid system.

For the Si (111) surface, we consider three possible
configurations, T, B, and H, as shown in Figure S1. As
summarized in Table 1 and Figure 1, although the three
configurations show similar distance and adsorption
energy, they show quite different band gaps.

In Figure 1, we summarize the results for monolayer
graphene on different silicon surfaces. As expected, the
linear bands near the Dirac point of pristine monolayer
graphene are maintained on the hydrogenated Si
surfaces (see Figure 1a—d), due to the weak interaction
between graphene and the Si substrate. Since there is
no charge transfer between the graphene and Si
substrate, the Fermi level lies at the Dirac point.

However, focusing on the bands near the Fermi
levels shows that the ;7 and 77* bands repel each other,
forming finite energy gaps at the Dirac points, 0, 20, 18,
and 108.8 meV for ghsi111_T, ghsi111_B, ghsi111_H,
and ghsi100, respectively. Thus, the graphene ad-
sorbed on the hydrogenated Si surface is no longer
metallic with massless electrons, but becomes semi-
conducting with a direct narrow gap except for
ghsi111_T. Indeed, the different band gaps reflect the
asymmetry introduced to graphene upon adsorption
on the Si surface. For ghsi111_T, the carbon atoms of
graphene are on top of the Si atoms of the Si surface,
and the symmetry is unchanged. Thus, the band gap of
graphene remains zero. For ghsi111_B and ghsi111_H,
as the carbon atoms of graphene are not on top of Si
atoms of the Si surface, the symmetry is changed and
the band gap is open. The structures of T, B, and H can
be found in Figure S1. For ghsi100, since the Si (100)
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Figure 1. Monolayer graphene on different silicon surfaces and the corresponding band structures. (a) ghsi111_T,
(b) ghsi111_B, (c) ghsi111_H, (d) ghsi100, (e) gsi111_T, (f) gsi111_B, (g) gsi111_H, and (h) gsi100. “ghsi111_T" represents
graphene-hydrogen-silicon-111 surface with T configuration. The definition of T configuration, B configuration, and H
configuration can be found in Figure S1 in the Supporting Information. Ghsi111_T, ghsi111_B, Ghsi111_H, gsi111_T,
gsi111_B, and gsi111_H represent graphene on hydrogenated Si (111) and clean Si (111) surfaces of T, B, and H arrangement,
respectively. Ghsi100 and gsi100 represent graphene on hydrogenated Si (100) and clean Si (100) surfaces, respectively. Gray,
yellow, and white balls represent C, Si, and H atoms, respectively. The Fermi energy is indicated by the dashed line. The value
of the band gap is highlighted in each figure in units of “meV”".

TABLE 1. Average Distance d (i\), Adsorption Energy AE
(meV/Graphene Unit), and Band Gap (meV) of Monolayer
Graphene Adsorbed on Different Si Surfaces

hydrogenated Si(111) clean Si(111)
adsorption site d AE band gap d AE band gap
top 251 =370 0 226 —119.8 81.6

bridge 251 =372 20 222 1239 2721
hollow 249 =372 18 223 —1239 2077

clean Si(100) hydrogenated Si(100)

2.54 —326 108.8 2.27 —58.5 0

surface is reconstructed, the symmetry of graphene is
broken more substantively, leading to a significant
band gap of 108 meV.

On the other hand, on clean Si surfaces, strong
interactions between Si and C atoms significantly
modify the linear bands near the Dirac point of gra-
phene. See Figure Te—h. The electronic characteristics
of graphene disappear completely. For example,
Figure 1h shows the band structure of gsi100 is
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metallic. The bands of Si predominantly near the Fermi
level for the gsi100 system indicate there are evident
localized surface states in the band structure, which
arise from the unsaturated surface Si atoms. In com-
parison, for clean Si (111) surfaces (Figure 1e, f, g), local
surface states near the Fermi level are obviously re-
duced. This can be explained by the percentage of
saturated Si atoms on the Si (111) surface or Si (100)
surface. When graphene is adsorbed onto the clean Si
(111) surface, all surface Si atoms are saturated by
C atoms from graphene, whereas only 50% of Si atoms
of the Si 100 surface are saturated by C atoms from
graphene.

For monolayer graphene on the clean Si (111) sur-
face, graphene forms bonds with Si atoms, part of the C
atoms of graphene change from sp? to sp>, and the
band gap deviates from the gamma point. As the
symmetry of graphene is broken, the band gaps
change to 81.6, 272.1, and 217.7 meV for gsi111_T,
gsi111_B, and gsi111_H, respectively. Note that the
value of 272.1 meV is the largest band gap ever
reported for graphene; in comparison, the gap of
graphene adsorbed on SiO,, SiC, and BN surfaces is
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Figure 2. Bilayer graphene on different silicon surfaces and the corresponding band structures. (a) bighsi111_T, (b)
bighsi111_B, (c) bighsi111_H, (d) bighsi100, (e) bigsi111_T, (f) bigsi111_B, (g) bigsi111_H, (h) bigsi100. “bighsi111_T"
represents a bilayer-graphene-hydrogen-silicon-111 surface with T configuration. The definition of T configuration, B
configuration, and H configuration is in Figure S1 of the Supporting Information. Bighsi111_T, bighsi111_B, bighsi111_H,
bigsi111_T, bigsi111_B, and bigsi111_H represent bilayer graphene on hydrogenated Si (111) and clean Si (111) surfaces with
T, B, or H configuration. Bighsi100 and bigsi100 represent bilayer graphene on hydrogenated Si (100) and clean Si (100)
surfaces, respectively. Gray, yellow, and white balls represent C, Si, and H atoms, respectively. The Fermi energy is indicated
by the dashed line. Their first Brillouin zones are the same as the monolayer system as shown in Figure S2.

130,* 260,° and 126 meV,*® respectively. The gap
values are significantly higher than kgT at room tem-
perature, indicating the achievable current on/off ratio
is larger than that of the freestanding graphene.

The corresponding different charge density isosur-
faces are shown in Figure S3 of the Supporting Infor-
mation. Different charge density is defined as

An(r) = ntotal(r) _ngraphene(r) _nSi(r)

Figure S3a—d clearly indicates the absence of cova-
lent bonding between C and hydrogenated Si atoms.
Since the Si dangling bonds are passivated by H atoms,
the interaction between C and Si atoms is dominated
by van der Waals forces. Figure S3e—h suggests a
strong interaction between graphene and clean silicon
surface. Electrons within the common energy levels
are shared between the bonded graphene and Si
surface atoms. The Mulliken charges*” on the Si atoms
of the C—Si bonds range from 0.26 to 0.32 e, whereas
the Mulliken charges on C atoms of the C—Si bonds
range from —0.45 to —0.47 e. The charge redistribution
at the graphene—Si interface is the result of electron
transfer between the graphene and Si. As surface-state
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electrons transfer from the Si surface to the graphene
monolayer, the graphene becomes n-doped and neg-
atively charged. The findings are similar to those for
monolayer graphene on a SiC surface.”® Thus, a p—n
junction is formed between the n-type graphene and
p-type Si substrate.

Bilayer Graphene on a Si Surface. In 2006, an approach
for opening the band gap in bilayer graphene was
proposed*® in the presence of a potential between
the layers, while the electronic properties of bilayer
graphene on a SiO, surface were investigated by
Cuong et al. in 2011.3* Here we investigate bilayer
graphene adsorbed on clean or hydrogenated Si
surfaces.

Our results show that the strength of the interaction
between the two layers of graphene is weak, similar to
that in the bulk graphite. In our study, two layers of
graphene (AB stacking) are placed onto the Si surface.
The distance between the graphene layers is 3.35 A for
hydrogenated Si (111) _T, 3.34 A for hydrogenated Si
(111) _B, 3.35 A for hydrogenated Si (111) _H, 3.31 A for
hydrogenated Si (100), 3.32 Aforclean Si (111) _T, 3.36
A for clean Si (111) _B, 3.32 A for clean Si (111) _H, and
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TABLE 2. Band Gap (meV) of Graphene Adsorbed on
Different Si Surfaces

hydrogenated Si (111) dean Si (111)
adsorption site monolayer bilayer monolayer bilayer
top 0 81.6 81.6 20
bridge 20 81.6 2721 25
hollow 18 108.8 2077 25
hydrogenated Si (100) dean Si (100)
108.8 81.6 0 0

3.38 A for clean Si (100), while the distance is 3.35 A in
the bulk graphite.

Due to weak interlayer interactions, the upper layer
of graphene maintains the planar geometry as show in
Figure 2. When bilayer graphenes are adsorbed onto
different Si surfaces, they show similar band gaps. The
band gaps are summarized in Figure 2 and Table 2. The
band gaps of bighsi111_T, bighsi111_B, bighsi111_H,
bighsi100, bigsi111_T, bigsi111_B, bigsi111_H, and
bigsi100 are 81.6, 81.6, 108.8, 81.6, 20.0, 25.0, 25.0,
and 0 meV, respectively. The different charge density
isosurfaces for the bilayer graphene adsorbed onto a Si
surface are shown in Figure S4. We obtain similar
results in Figure S3 for monolayer graphene adsorbed
onto a Si surface.

As shown in Figure 2a—d, bilayer graphenes ad-
sorbed onto hydrogenated Si surfaces lead to bigger
band gaps than monolayer graphene adsorbed onto a
hydrogenated Si surface. For example, bighsi111_H
(Figure 2c) shows a bigger band gap of 108.8 meV
than the band gap of 18 meV for ghsi111_H (Figure 1c).
In comparison, Figure 2e—h show that bilayer gra-
phenes adsorbed onto a clean Si surface lead to smaller
band gaps than monolayer graphenes adsorbed onto a
clean Si surface. For example, bigsi111_H (Figure 2g)
shows a smaller band gap of 25.0 meV than that of
gsi111_H (217.7 meV in Figure 1g).

METHODS

Our calculations of both the optimizations and the electronic
structures are performed by the DFT program DMols (MS
6.0).*>°° The interactions between the electrons and ion cores
are described by the Perdew—Wang (PWCQ)® functional, and the
exchange—correlation energy is described by the local spin
density approximation (LSDA). We chose the LSDA because it
describes the spacing between the graphene and Si-based
substrate better than the generalized gradient approximation
functional (GGA). This conforms to the fact that LSDA, despite
the lack of long-range nonlocal correlations, produces reason-
able interlayer distances in van der Waals crystals such as
graphite.*>** The semilocal generalized gradient approxima-
tion, which violates this balance, fails to generate the inter-
planar bonding in graphite,>® while producing a band structure
identical to LSDA. The Brillouin zone integration is performed
with 5 X 5 x 1and 1 x 9 x 1 k-point samplings for geometry
optimization of Si (111) and Si (100) surfaces, with 11 x 11 x 1
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For bilayer graphenes adsorbed onto a clean Si
surface, the upper layer of graphene keeps the struc-
ture and band structure of graphene. The inner layer
forms chemical bonds with the Si surface and loses the
characteristics of graphene. This could be validated by
the orbital analysis. As shown in Figures S5 and S6, for
bilayer graphenes adsorbed onto a clean Si surface, the
HOMO and LUMO orbitals locate on the upper layer of
graphene. Thus, the bilayer graphene adsorbed onto a
clean Si surface shows a band structure similar to
graphene with a small band gap of 0—25 meV
(Figure 2). In comparison, monolayer graphene ad-
sorbed onto a clean Si surface loses the graphene
characteristics and the band gap is as high as 272
meV (Figure 1).

For bilayer graphene adsorbed onto a hydrogenated
Si surface, both the interaction between the two layers
of the graphene and that between the inner graphene
layer and Si surface are weak. However, as more asym-
metry is introduced, typically bilayer graphene ad-
sorbed onto a hydrogenated Si surface shows a larger
band gap than monolayer graphene adsorbed. For
example, bighsi111_H (Figure 2c) shows a bigger band
gap of 108.8 meV than ghsi111_H (18 meV, Figure 1c).

CONCLUSIONS

Using first-principles calculations, we investigate the
electronic structures of monolayer and bilayer gra-
phene adsorbed onto clean or H-passivated Si (111)/
Si (100) surfaces. The calculations show that the inter-
action between monolayer graphene and a H-passiv-
ated Si surface is weak with a negligible band gap.
For bilayer graphene adsorbed onto a H-passivated Si
surface, the band gap is opened up to 108 meV due to
the introduction of asymmetry. In comparison, the
interaction between graphene and a clean Si surface
is much stronger, leading to formation of chemical
bonds and a large band gap of 272 meV. Our results
provide useful information for designing devices by
integrating graphene with Si technology.

and 1 x 19 x 1 k-point samplings for total energy calculations
on Si (111) and Si (100) surfaces, respectively. Our testing results
show that these set of parameters are accurate enough to
ensure the total energy convergence. First Brillouin zones for
Si (111) + graphene and Si (100) + graphene are shown in
Figure S2. All the systems are optimized up to the residual force
on every atom to be less than 2.0 x 10~3 Ha/A. The conjugated-
gradient minimization scheme is used for both the geometry
optimization and electronic structure calculation. To test the
reliability of our calculations, the lattice parameter and band
gap of bulk Si are calculated by the same settings for compar-
ison. Our calculated lattice parameter of bulk Si (5.42 A) is close
to the experimentally measured value (5.43 A).>* The calculated
band gap of bulk Si is 0.74 eV, indicating that the LSDA under-
estimates the band gap (the experimental value is 1.17 eV>°).
However, the calculated value is comparable to the previously
reported E, of bulk Si by GGA, which ranges from 0.59 to
0.79 eV.>6~>?
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