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Energetics and electronic structure of graphene adsorbed on HfO,(111): Density functional theory
calculations
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We report total-energy electronic-structure calculations based on density functional theory performed on
graphene adsorbed on the (111) surface of hatnium dioxide (HfO,). We find that the graphene is bound to the
HfO, surface with an interlayer spacing of 3.05 A with a binding energy of about —110 meV per C atom. The
electronic structure of the HfO,-adsorbed graphene originates primarily from that of the graphene near the Fermi
level. However, a detailed analysis of the electronic structure shows that the linear bands on the Dirac cone are
slightly split because of the interaction between the graphene and the HfO, substrate. The physical origin of this
splitting is the hybridization between the 7 states of the graphene and the O 2 p state with Hf d character.
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Graphene is a carbon allotrope that is a honeycomb atomic
network planar sheet. There has been a wealth of theoretical
and experimental studies of the physical properties of graphene
since its successful synthesis.! Graphene is a peculiar metal
with a zero density of states at the Fermi level. This is because
of the emergence of two linear dispersion bands. These linear
dispersion bands lead to massless electrons near the Fermi
energy, which allows for a wealth of intriguing physics. For
instance, graphene has an unusually low-energy electronic
structure that has remarkable transport properties, a few
hundred thousand cm? V~! s~!, Thus, graphene has the great
potential to advance both the low-dimensional sciences and the
next generation of nanoscale electronic devices. Recently, the
integration of the graphene with a scalable gate dielectric, such
as high permittivity (high-k) materials, has been the subject
of a great deal of research with the goal of the realization
of graphene-based electronic devices.?” For the fabrication of
the graphene on insulating substrates, a detailed understanding
of its interactions with the substrates is critical, because
they could directly affect the intrinsic electronic properties
of the graphene.®!! In fact, the mobility of the graphene on
HfO, is lower than that on SiO, and other substrates. More
complexity arises from the fact that the carrier mobility is
strongly affected by the HfO, overlayer in comparison with
the SiO; substrate, which has been shown in a very recent study
on double-oxide HfO, /graphene/SiO, structures.” However,
its underlying characteristics of the interaction are still far from
being explained.

In this Brief Report, we investigate the energetics, geom-
etry, and electronic structure of graphene adsorbed on (111)
surfaces of cubic hafnia using first-principles calculations in
the framework of density functional theory. We found that
the graphene is bound to the HfO, surface via interactions
with an interlayer spacing of 3.05 A. The calculated binding
energy is about —110 meV per C atom. We also found that
the linear bands at the Dirac point of the graphene are slightly
changed by the interactions between graphene and substrate.
A detailed analysis of the electronic structure shows that the
physical origin of this change is ascribed to the hybridization of
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the 7 states of the graphene with the mixed states of substrate
comprising of O p and Hf d states.

To simulate a hybrid structure of graphene and HfO,, we
considered an oxygen-terminated (111) surface of a cubic
phase of HfO, possessing a triangular lattice of O atoms at the
topmost layer. The surfaces were simulated using a repeated-
slab model that includes five HfO, layers, graphene, and a
7 A-vacuum region (Fig. 1). We imposed a commensurability
condition between the graphene and the HfO,, where a 3 x 3
lateral periodicity of the graphene and 2 x 2 lateral periodicity
of the HfO, surface were employed, which includes the 1.5%
lattice mismatch. To bring focus to the fundamental properties
of graphene adsorbed on HfO,, we chose a lateral lattice
parameter for triangular lattice a = 7.34 A that was optimized
for isolated graphene. The oxygen-terminated (111) surfaces
of HfO, were then fully optimized using the same lattice
parameter. In the relaxed HfO; slab, the Hf-O distance along
the (111) direction in the topmost layer is about 3% shorter
than that in the third layer because of the surface relaxation. It
should be noted that in a HfO, /graphene device, the HfO, has
amorphous structure.’ The surfaces used here are, therefore,
hypothetical in order to simulate the interaction between
state of graphene and electron states of HfO,. All calculations
were performed using density functional theory.'>!* We used
the local-density approximation (LDA) to treat the exchange-
correlation interactions among the electrons.'* Electron-ion
interactions were described using ultrasoft pseudopotentials.'>
The valence wave functions were expanded in terms of a plane
wave basis set with a cutoff energy of 40Ry. 6 x 6 x 1k points
in the Brillouin zone (BZ) were sampled for BZ integration
of the energetics, while 9 x 9 x 1 k points were used for
the self-consistent electronic structure analysis to obtain the
detailed band dispersion. During the geometry optimizations,
all atoms were relaxed until the residual forces were less than
0.05 eV/A. The calculations were performed using the TOKYO
AB INITIO PROGRAM PACKAGE. !®

Figure 2 shows the binding energy of graphene on (111)
surfaces of cubic HfO, as a function of the spacing between the
graphene and the topmost O atoms in the HfO,. To investigate
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FIG. 1. (a) Side and (b) top views of the structural model. Black,
gray, and white circles represent C, Hf, and O atoms, respectively.
The unit cell is represented by the solid lines.

the lateral dependency of the energetics, we consider four
distinct adsorption configurations of the graphene on the
HfO,. In these configurations, a C atom is located directly
on the center of a Hf~O bond (Bridge), on the hollow site
at the center of the Hf—O hexagonal ring (Hollow), on the
top of a Hf atom (Hf top), or on the top of an O atom (O
top), respectively. For all configurations, we found that the
graphene is bound to the HfO, substrate at the optimal distance,
3.05 A. The optimal spacing was found to be larger than the
typical lengths of the C-O single or double bonds (1.42 or
1.21 A, respectively) and the Hf—C bond in HfC (2.32 A). This
indicates that the C—O and Hf-C covalent bonds are absent in
the hybrid structures. Indeed, this is consistent with the recent
X-ray photoemission spectroscopy observations that there are
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FIG. 2. Binding energy of graphene per C atom as a function
of the spacing between graphene and the topmost O atoms on the
HfO, surface for four adsorption configurations of the graphene on
the HfO,. A C atom is located directly on the center of a Hf~O bond
(Bridge), on the hollow site at the center of the Hf—O hexagonal ring
(Hollow), on the top of a Hf atom (Hf top), or on the top of an O atom
(O top), respectively. The inset is a magnification of the area near the
energy minimum.
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no C-O and Hf-C bonds in HfO,-deposited graphite'” and
HfO,-filmed graphene on SiC substrate.'® We also found that
the value is about 6% greater than that of graphene adsorbed
on O-terminated SiO, surfaces.!®

At the optimum spacing, the calculated binding energy
per C atom is —112 meV, irrespective of the adsorption
arrangement. The specificity of the binding energy in the
graphene-HfO, system can be understood through a com-
parison with the adsorption of graphene on SiO,. Namely,
the binding energy of the adsorption of graphene on HfO,
is about eight times higher than that of graphene adsorbed
on Si0; (Ref. 19). In the case of the graphene-SiO, system,
it has been demonstrated that the graphene is bound to the
substrate via weak van der Waals interaction.'® By contrast,
in the graphene-HfO, system, the present results suggest that
the graphene is strongly bound to the HfO, surface via other
mechanisms, such as orbital hybridization and electrostatic
interaction, but not van der Waals interaction.

Next, we investigated the electronic structure of graphene
on the HfO, surface. Figure 3 shows the electronic energy
bands of the graphene adsorbed on the (111) surfaces of
the HfO, with the most energetically favorable adsorption
arrangement. The energy band structures of the pristine
graphene and the isolated HfO, substrate are also shown in the
same figure. In the case of the pristine graphene, both the K and
K' points (Dirac point) are folded into the T point, because
of 3 x 3 lateral periodicity of graphene. This results in the
linear dispersion band at the I" point. In the hybrid structure,
the electronic structure seems to be a simple sum of those
of each constituent. The liner dispersion bands of graphene
appear in the large energy gap of HfO,, and the energy bands
associated with HfO, emerge as occupied and unoccupied
states below —6.2 eV and above —2.8 eV (relative to vacuum
level). Focusing on the linear dispersion band at the Fermi
level, we found a small but significant change in these bands.
From the inset in Fig. 3, it can be seen that the liner dispersion
bands, which were originally degenerated at the Dirac point,
are split into four branches that form a tiny fundamental
energy gap of 10 meV. These results clearly indicate that the
interactions between graphene and HfO, affect the electronic
properties of graphene.

Therefore, it is worthwhile to investigate the detailed
electronic properties of graphene on HfO, near the Fermi
level. Figure 4 shows the distribution of wave functions at
the I" point for graphene on HfO, surface. It can be seen that
the four branches of the liner dispersion states of graphene (the
o, B, v, and § states in Fig. 4) have a hybrid nature that has
properties of not only the  state of C, but also the 5d state
of Hf and the 2p state of O. Indeed, these states are primarily
distributed on the C atomic site with w-state characteristics.
However, they also have a finite amplitude on the atomic
sites on the topmost and the second subsurfaces of HfO,.
Furthermore, the bonding characters in the 7 -d hybridization
can be seen in the wave-function distribution of the o and S
states, which is shown in Fig. 4. This phenomenon is ascribed
to the surface relaxation of HfO, substrate, which increases the
covalent character of the surface HfO, atoms with decreasing
their original ionic character. As a result of the relaxation, the
high-lying valence states of the HfO, substrate have both 2p
of O and 5d of Hf characters that originates from the topmost
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FIG. 3. (Color online) Electronic structures of the (a) isolated graphene, (b) HfO,-adsorbed graphene, and (c) isolated HfO, substrate.
Energies are measured from the vacuum levels, which are evaluated from the values of the self-consistent local potential at the edge of the unit
cell. The horizontal red lines in panels (a) and (b) show the position of the Fermi level. In panel (c), the energy bands located below —6.5 eV are
occupied, while those above —3 eV are unoccupied. The insets in panels (a) and (b) are a magnification of the area near the linear dispersion

band at the I point. The labels «—$§ refer to the states shown in Fig. 4.

HfO, atoms. This valence bands can then hybridize with
states of graphene.

The orbital hybridization between graphene and HfO,
substrate is also considered to be an essential mechanism
for the suppression of carrier mobility in graphene adsorbed
on HfO, in metal-oxide-semiconductor field-effect transistor
devices. Especially, because the d state of Hf atoms are tightly
localized around the atomic sites, they may act as scatterers

FIG. 4. Contour maps of the (a) &, (b) S, (c) v, and (d) § states near
the Fermi level at the I" point in graphene adsorbed on HfO,. Each
contour denotes twice (or half) the values of the adjacent contour lines
from 0.128 (e/A%)!/2. The solid and dotted lines show the positive
and negative values, respectively. The two O atoms and one Hf atom
that define a cross section are shown by white and gray circles,
respectively. The inset in the lower right represents the position of
the cross section (CS) in each figure; CS1 corresponds to panels
(a) and (d), and CS2 corresponds to panels (b) and (c).

for the 7 electrons on graphene. The distribution of the wave
functions near the Fermi level in the graphene-HfO, system
corroborates our assertion that & electron states of graphene
are affected by the orbital hybridization. To estimate the
magnitude of the effect of the hybridization on the mobility
suppression on graphene on a HfO, substrate, we calculated
the projection of the wave function onto that of an isolated
graphene sheet. The calculation provides a rough estimation
of the transmission coefficient, T, for 7 electrons on graphene
adsorbed on HfO,:

T o (Y| VIV6)I?

where ¥/ are the 7 electron wave function of an free-standing
graphene sheet and V is an impurity potential ascribed to
the HfO, substrate. The calculated transmission coefficient of
graphene on HfO, was about 70% as compared with that of the
isolated graphene. This directly implies lowering the electron
mobility in graphene since it is proportional to the transmission
coefficient. Thus, our calculation qualitatively shows that the
orbital hybridization between graphene and HfO, substrate
significantly affects the carrier mobility of graphene.

Another possible origin for the suppression of the mobility
is charge depression for the m electrons on graphene. The
orbital hybridization between graphene and HfO, results in
accumulation in the spacious region between the graphene
and the HfO, substrate. Figure 5 shows the redistribution of
the valence charge after the adsorption of the graphene onto
the (111) surfaces of HfO, with the optimal interlayer spacing.
A significant charge accumulation is observed in the interlayer
region, whereas an asymmetric depression is present near
the graphene. This indicates that electrons are redistributed
from the m states of the graphene to the interlayer spacing.
Indeed, the integrated value of the density difference around
the C atoms at the van der Waals distance for C (1.70 A) is
—0.001 e~ per C atom. These results suggest that the orbital
hybridization between the graphene and the HfO, substrate
changes the carrier mobility with decreasing the carrier density
of 7 electrons in the HfO,-adsorbed graphene.

In conclusion, we have investigated the energetics, geom-
etry, and electronic structure of graphene adsorbed on (111)
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FIG. 5. Valence charge difference between the electron density
of the HfO,-adsorbed graphene and the sum of those of each compo-
nent; that is, Ap = pCrephene-HiOy __ pGraphene _ HIO> The yalues are
averaged over each plane parallel to the HfO, surface. The vertical
dotted lines indicate the positions of the C atoms in graphene and
the O and Hf atoms in the first and second layers of the substrate,
respectively.

surfaces of HfO, using total-energy electronic-structure cal-
culations based on density functional theory. Our calculations
showed that the graphene binds to the HfO, surface with an
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interlayer spacing of 3.05 A and with a binding energy of
about —110 meV per C atom. The electronic structure of
the HfO;-adsorbed graphene primarily originates from that
of the graphene near the Fermi level. However, the linear
bands on the Dirac cone are split because of the interaction
between the graphene and the HfO, substrate. A detailed
analysis of the wave functions revealed that the physical origin
of this splitting is the hybridization of the m states of the
graphene with the mixed valence states consisting of the Hf
d and O p states. This study clarified a fundamental aspect
of the interactions between graphene and high-k dielectric
materials and provides new insight into the behavior of
two-dimensional electron systems in graphene. Furthermore,
this is critical for optimizing the performance of graphene-
field-effect transistors fabricated with high-k materials.
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