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The continuous change in the electronic band structure of metal-adsorbed bilayer graphene was
calculated as a function of metal coverage using first-principles calculations. Instead of modifying
the unit cell size as a function of metal coverage, the distance between the metal atoms and bilayer
graphene in the same 2 X 2 unit unit cell was controlled to change the total charges transferred from
the metal atoms to bilayer graphene. The validity of the theoretical method was confirmed by
reproducing the continuous change in the electronic band structure of K-adsorbed epitaxial bilayer
graphene, as shown by Ohta er al. [Science 313, 951 (2006)]. In addition, the changes in the
electronic band structures of undoped, n-type, and p-type bilayer graphene were studied
schematically as a function of metal coverage using the theoretical method. © 2010 American

Institute of Physics. [d0i:10.1063/1.3451465]

Graphene is an emerging material of atomic-scale de-
vices on account of its outstanding physical properties.1 Re-
cently, one of the focused applications of graphene is a semi-
conductor device such as a field emission transistor.”* Since
pristine graphene is a zero-gap semiconductor, it is essential
for the application that an energy gap is opened between the
conduction and valence bands around a Dirac energy. A va-
riety of techniques have been developed to open the energy
gap. A representative technique in monolayer (ML) graphene
is to use a form of a nanoribbon resulting in a quantum
confinement effect.’ Typical techniques in bilayer graphene
are to control the carrier density and external electric field.*”
The carrier density was controlled to cause a finite interlayer
energy difference between the two graphene layers of bilayer
graphene.6 An external electric field was applied along the
perpendicular direction to the graphene layers to induce
asymmetry between the two graphene layers, where there are
also carrier density changes in the two graphene layers in a
device.” For this reason, the carrier density in a device based
on bilayer graphene is one of dominant factors. The band
engineering of bilayer graphene was first reported for
K-adsorbed epitaxial bilayer graphene grown on a 6H-
SiC(0001) surface by Ohta et al.® The electronic band struc-
ture of the K-adsorbed bilayer graphene was explained in
terms of the tight-binding model. However, the continuous
change in the electronic band structure as a function of K
coverage has not been reproduced using first-principles cal-
culations. This might be because the size of the unit cell
should be changed as a function of K coverage and a large
unit cell is needed at low K coverage. Another difficulty in
the calculations is that K-adsorbed bilayer graphene does not
form a well-defined superstructure, even though most metal
atoms prefer the hollow site of the graphene layer.

In this study, the distances between bilayer graphene and
metal atoms were adjusted instead of changing the unit cell
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size of metal-adsorbed bilayer graphene as a function of
metal coverage, as shown in Fig. 1(a).® This allows first-
principles calculations to reproduce the continuous changes
in the electronic band structure of metal-adsorbed bilayer
graphene as a function of metal coverage. Another advantage
of the first-principles calculations is that the orbital charac-
teristics of a metal or molecule can be taken into account,
which is in contrast to the tight-binding model and the use of
background charge.

VASP package was used for the first-principles calcula-
tions based on density functional theory.9 The potentials of
the electron—ion interactions and the exchange and correla-
tion parts of the electron—electron interactions were de-
scribed by the projected augmented wave'” and generalized
gradient approximation, respectively. The plane waves
were used to describe the electron wave functions, where the
kinetic energies of electrons were below 400 eV. A 3 X3
Monkhorst—Pack E—point mesh on the surface Brillouin zone
was used to calculate the total enelrgy.12 The shift in the
Fermi energy away from the Dirac point of undoped free
standing bilayer graphene is Ep, the energy gap at the K
point is Eg, and the energy gap at the vicinity of the K point
is E,, as shown in Fig. 1(f)."* We note that the EgK and E, are
local energy gaps rather than the energy gaps of whole elec-
tronic band structures.

Figure 1 shows the change in the electronic band struc-
ture of bilayer graphene as a function of the distance between
the Na atoms and upper graphene layer R;. A-B stacked
bilayer graphene was chosen because the epitaxial bilayer
graphene on a 6H-SiC(0001) surface has A-B stau:king.6
Most metal atoms prefer energetically the hollow sites of a
graphene layer and the 2 X2 superstructures at metal cover-
age of 1/4 ML."*"> For this reason, a 2 X2 superstructure
with Na coverage of 1/4 ML was used. The Na atoms were
located at the hollow sites, as shown in Fig. 1(a). Only R,
was changed while maintaining the 2 X 2 superstructure and
Na coverage to control a charge transfer from the Na atoms
to bilayer graphene. Figure 1(b) shows the electronic band
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FIG. 1. (Color online) (a) The top and side views of the atomic structure of
Na-adsorbed bilayer graphene, where R is the distance between the Na
atoms and upper graphene layer. The electronic band structures of (b) the
pristine bilayer graphene and [(c)—(e)] Na-adsorbed bilayer graphene. (f)
Changes in E, and Eg as a function of a Ep, where the schematic diagram of
the electronic band structure of the bilayer graphene is in the inset.

structure of undoped bilayer graphene, where an Ep is lo-
cated at the Fermi energy. When Na atoms were attached to
the upper graphene layer, the E, moved downward and con-
sequently the E, became larger, as shown in Fig. 1(c). As Na
atoms were closer to the upper graphene layer, the E, be-
came larger and the Ep, shifted to a higher binding energy
[see Figs. 1(d) and 1(e)]. The Ep change suggests that the
dependence of the electronic band structure of bilayer
graphene on metal or molecular coverage in an experiment
can be reproduced by controlling R; in the first-principles
calculations because a metal or molecule does not induce any
significant structural deformation of bilayer graphene.m’15
Figure 1(f) shows that the changes in the E, and Eg are
different. This is because, in the tight- bmdmg model E, and
EK are approximately proportional to [U|y/ \ry2+U2 and U,
respectlvely, where U is the interlayer energy difference and
v is the interlayer tunneling amplitude.13 e

The representative experiment for the band engineering
of bilayer graphene using metal atoms is angle- resolved pho-
toemission spectroscopy measurement of Ohta et al.’ In the
experiment, K atoms were adsorbed on bilayer graphene
grown on a 6H-SiC(0001) surface, where the bilayer
graphene with an E, of approximately 130 meV is n-type
because of electron transfer from the bulk SiC. With increas-
ing K coverage, the E, was reduced and then closed at opti-
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FIG. 2. (Color online) (a) The top and side views of the atomic structure of
Na-adsorbed n-type bilayer graphene, where R|(R,) is the distance between
the Na atoms and upper (lower) graphene layer. The electronic band struc-
tures of (b) the n-type bilayer graphene and [(c)-(e)] Na-adsorbed n-type
bilayer graphene. (f) Changes in E, and EEK as a function of a Ep,.

mal K coverage. Above the optimal K coverage, the E, be-
gan to open again and became larger at higher K coverage.
The distance-controlled theoretical calculations were applied
to the metal-adsorbed n-type bilayer graphene to examine its
validity. First, Na atoms were attached under the lower
graphene layer to reproduce the electronic band structure of
n-type bilayer graphene, as shown in Fig. 2(a). The distance
between the Na atoms and lower graphene layer R, to pro-
duce an Ep, of 206 meV was 3.5 A [see Fig. 2(b)]. Second,
additional Na atoms were attached to the upper graphene
layer and R; was controlled, as performed on the undoped
bilayer graphene. As the additional Na atoms approached the
upper graphene layer, the Ep moved downward, as shown in
Figs. 2(b)-2(d). On the other hand, the E, was reduced at
R;>R, and closed at R;=R,. At R;<R,, the E, opened
again and became larger, as shown in Figs. 2(b)-2(f). This
supports that the distance-controlled theoretical calculations
can reproduce the overall change in the electronic band
structure of metal-adsorbed n-type bilayer graphene.

The distance-controlled theoretical calculations were
also applied to p-type bilayer graphene. The difficulty in the
band engineering of p-type bilayer graphene in an experi-
ment is that the Ep and E, cannot be measured accurately by
angle-resolved and invert photoemission spectroscopy. The
change in the electronic band structure of the p-type bilayer
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FIG. 3. (Color online) (a) The top and side views of the atomic structure of
Na-adsorbed p-type bilayer graphene, where R(R,) is the distance between
the Na (Pt) atoms and upper (lower) graphene layer, respectively. The elec-
tronic band structures of (b) the p-type bilayer graphene and [(c)-(e)] Na-
adsorbed p-type bilayer graphene. (f) Changes in E, and EI; as a function of
a Ep.

graphene as a function of metal coverage was predicted us-
ing the distance-controlled theoretical calculations. p-type bi-
layer graphene was prepared by attaching Pt atoms under the
lower graphene layer, as shown in Fig. 3(a).® The p-type
graphene has an E, of 252 meV and a Ep of 105 meV [see
Fig. 3(b)]. As performed on the n-type bilayer graphene, Na
atoms were attached to the upper graphene layer. The Ep
shifted downward and the EX became larger as reducing R,
[see Figs. 3(c)-3(e)], as observed on the n-type bilayer
graphene. Compared to the n-type bilayer graphene, the E,
was almost independent of R, as shown in Fig. 3(f). These
results suggest how to control the electronic band structure
of bilayer graphene by electron and hole donors. One of
electron and hole donors should be adsorbed on an undoped
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bilayer graphene to control an E, efficiently. Electron (hole)
donors should be adsorbed on p-type (n-type) bilayer
graphene to control the Ep, of bilayer graphene with a robust
E,. On the other hand, the E, and Eg in Figs. 1-3 are optical
gaps, while the whole electronic band structures are metallic
without an energy gap. Hence the E, and Eg can be mea-
sured by an optical experiment rather than a transport experi-
ment.

In conclusion, band-engineered bilayer graphene was
studied using first-principles calculations. The continuous
changes in the electronic band structures of undoped, n-type,
and p-type bilayer graphene were calculated as a function of
metal coverage by controlling the distance between the metal
atoms and bilayer graphene while maintaining the adsorption
site and superstructure. The theoretical method is valid be-
cause the electronic band structure of bilayer graphene is
dominated by the distribution of the carrier density within
bilayer graphene. The theoretical method is more useful
when metal atoms or molecules do not form a superstructure
on bilayer graphene or the Ep, is above the Fermi energy in
an experiment.
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