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ABSTRACT

The electronic structure and transport properties of a single layer of graphene (Gr) on «-Al,05 surface are
studied using the density functional theory (DFT). We present three models that take into account the
atom at the termination of the alumina surface: a) Al atoms, with the center of the Gr hexagon directly
over an Al atom; b) Al atoms, with a carbon directly positioned above an Al atom; c) oxygen atoms. Two
processes of geometric optimization were used: (i) All the atoms of the supercell were allowed to move
in accordance with the BFGS quasi-Newton algorithm,; (ii) The atoms of the three topmost layers of the
«a-Aly03 (0001) slab, including the C atoms, were allowed to move, whereas the atoms of the remaining
layers were frozen in their respective atomic bulk positions. The first two models preserve qualitatively
the electronic structure of the pristine Gr using the geometric optimization process (i) whereas, in the
third model this structure was lost due to a significant charge transfer between the carbon and oxygen
atoms irrespective of the optimization procedure. However, models (a) and (b) with the optimization (ii)

reveal a p-type semiconducting behavior.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The Pioneering works on graphene (Gr) by Andre Geim and
Kostya Novoselov [1—3] led to an increasing interest in the scientific
community to study this new material. The works were mainly
motivated by its exceptional electronic properties, such as its non-
massive fermion behavior at low excitation energies and high
mechanical strength (200 times stronger than steel) and potential
applications these properties offer for the future. The discovery
brought new perspectives to nanotechnology development, with
graphene being a probable substitute to the current electronics
based on silicon. Nowadays, the major challenge of the scientists
and the engineers is to obtain a low cost scalable production of
single layer graphene with an aim to consolidate its application in
nanoelectronics, energy technology, composite materials, sensors,
among other fields of interest [4,5].

The increasing interest in nanoscience and nanotechnology has
also induced a great enthusiasm in the study of a-Al,03 (0001)
crystal [6—10]. The hexagonal symmetry, a high dielectric constant
have evoked its use in electronic devices. Recently, a systematic
study of a-Al,03 (0001) crystal [11] has compared their results
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using DFT (Density Functional Theory) calculations with those of
the experimental measurements obtained from XPS (X-ray photo-
electron spectroscopy) and UPS (ultraviolet photoelectron spec-
troscopy) spectra. A band gap of 6.26 eV between the conduction
and the valence bands, and an ionic gap of 8.9 eV (where the ionic
gap refers to the gap between the upper and lower valence bands),
were calculated utilizing a unit cell of 30 atoms. However, the
calculated band gap of 6.26 eV is much smaller than 8.8 eV obtained
from the electron energy spectrum and 8.7 eV obtained from op-
tical spectra [12]. This discrepancy between the theoretical and the
experimental results can be attributed to the underestimation of
bandgap width of solids in DFT methods.

Recent experimental studies and theoretical models have been
used to understand the electronic properties of contact between Gr
and the a-Al;03 (0001) surface [13—22]. This is mainly due to the
small lattice mismatch of the «-Al,03 (0001) surface with respect to
graphene. The above lattice similarity that minimizes the elastic
energy in the interface makes it suitable for electronic applications.
The dual-gated graphene field-effect transistor with Al,03 as top-
gate dielectric [13] observed mobility values above 8000 cm?/V/s
which is a very promising result. It is important to remember that
the mobility of charge carriers in free graphene lies between 10000
and 15000 cm?/V/s [18]. Lately, a single layer graphene transistor on
72 nm «-Al;03 film exhibited a seven times higher interelectrode
conductivity than that on a 300 nm SiO; film, due to the smaller
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dielectric thickness and higher dielectric constant of a-Al,03 [14].
Of late, the DFT study [21] of the band structure of (0001) a-Al,03
surface and the interface of single layer graphene with a-Al,03, for
different arrangements of graphene on (0001) «-Al;03 surface
demonstrated Gr adsorption on the surface terminated with Al
atoms. More recently, the low-cost synthesis of Gr/a-Al;03 nano-
sheet interfaces using bimetallic alloys has been of utmost impor-
tance for its application in electronic devices [20]. The samples
grown by chemical vapor deposition and selective oxidization were
characterized by angle resolved photoemission (ARPES), XPS and
low energy electron diffraction (LEED). The ARPES spectrum
confirmed that the Dirac cone in the vicinity of the Fermi energy is
fully restored, indicating the formation of a thick oxide layer
decoupled from the metallic alloy.

In this work we used DFT to calculate some transport properties
of a single layer graphene on «-Al,03 (0001) surface, such as
electrical conductivity and electronic thermal conductivity. The
calculations were performed using the Quantum Espresso [23] and
BoltzWann [24] packages.

2. Computational methods and models

All the numerical calculations were performed using the density
functional theory (DFT) as implemented in Quantum Espresso
package [25]. The Perdew, Burke, and Ernzerhof (PBE) [26] func-
tional based on the generalized gradient approximation (GGA) was
used to describe the exchange-correlation energy. The constraint-
free geometry optimization was obtained using the BFGS quasi-
Newton algorithm, with the convergence thresholds set at 103
eV/A for force and 10~ eV for energy. We introduced the van der
Waals interaction, using the semiempirical Grimme's DFT-D2
method [27,28], to accurately obtain the geometry optimization
of the models [29]. The kinetic energy cutoff for the wave functions
and charge density were taken to be 0.408 keV and 8.163 keV,
respectively. The Brillouin zone of the supercell was sampled by 9 x
9 x 1 Monkhorst-Pack k-point grid. The XCrySDen package [30] was
adopted to visualize and plot the structural models. After the ge-
ometry optimization, the band structure and the total and pro-
jected densities of states (PDOS) were calculated for each model
using the Quantum Espresso package. Thereafter, the electrical
conductivity and the electronic thermal conductivity were
computed as a function of the chemical potential using the Boltz-
Wann package [31].

The three structural models investigated in this work consist of
a graphene supercell with eight atoms on a a-Al,03 (0001) sub-
strate, as shown in Fig. 1. The alumina surfaces terminate with Al
atom (a and b) or O atom (c). In (a), the center of graphene hexagon
is positioned over the Al atom Aly, in (b) a C atom of graphene layer
is on the top of the Al atom Aly, and in (c) three C atoms are bonding
to the topmost layer of oxygen. The a-Al,03 (0001) slab, with
approximately 18 A thick, contains 12 (11) atoms of Al for slab
terminating with Al (O) and 18 atoms of O in both the cases. A
vacuum of approximately 18 A was introduced in order to prevent
any interaction between the layers. The thickness of the slabs vary
between 11.08 and 11.94 A.

The geometry optimization of Gr on the a-Al;03 (0001) surface
was carried out using two procedures:

i All atoms of the supercell were allowed to move in accordance
with the BFGS quasi-Newton algorithm;

ii The atoms of the three topmost layers of the «-Al,03 (0001)
slab, including the C atoms, were allowed to move, whereas the
atoms of the remaining slab layers were frozen in their
respective atomic bulk positions.

(b) ©
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Fig. 1. Structural models for Gr on a-Al,03 (0001) surface. In (a) and (b) the unit cell
alumina surface terminates with one Al atom, with the Gr hexagonal center positioned
above the Al; atom and a C atom over the Al, atom, respectively. In (c) the unit cell
aluminasurface terminates with three O atoms, which are bonded to the three closer C
atoms. The parameters d; and d, are presented in Table 1.

Maintaining the original bulk lattice parameter of 4.7605 A, the
supercell of Gr/a-Al;03 (0001) was relaxed as follows: firstly, only
the a-Al;03 (0001) slab, obtained from the crystal bulk unit cell,
was optimized. Then a Gr supercell with eight atoms was placed
over the a-Al,03 (0001) surface and a new optimization procedure
was performed. For both surfaces terminating with Al or C atom,
the lowest energy was obtained with the optimization procedure

().

3. Results and discussion

The basic structural parameters of the models (a), (b) and (c)
obtained from the geometry optimization procedures (i) and (ii) are
shown in Table 1, where E_}, is the cohesion energy per atom in the
unit cell, given in eV, dy is the distance between neighboring C
atoms, d; is the distance between the bottom of the Gr layer and
the a-Al;03 (0001) surface and d, is the thickness of the slab. All the
above distances are given in Angstrom.

The cohesion energy E.,;, per atom in the unit cell is obtained
from

Table 1

The model, geometry optimization process (Opt.) and their respective cohesion
energy per atom in the unit cell (E.;,) (eV), distance dy (A) between neighbors C
atoms, distance d; (A) between the bottom of the Gr layer and the a-Al,03 (0001)
surface, and the thickness d, (A) of the slab.

Model Opt. Econ doy dq d,

i —7.36 1.38 291 11.36
ii -7.30 1.37 294 11.90

@\\
ke i —7.36 1.37 2.76 11.35
b) @ ii -7.30 1.37 2.79 11.94

i —7.20 1.36 to 1.54 143 11.08
ii -7.14 1.35 11.66
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Ecen — NcE(C) — NpE(Al) — NoE(O)

ECOh = NA

; (1)

where N, is the total number of atoms per Gr/a-Al;03 (0001) unit
cell, which contains N¢ atoms of C, Ny, atoms of Al and Ng atoms of
0. E . is the total energy of the cell and E(C), E(Al) and E(O) are the
energies corresponding to each isolated atom of C, Al and O,
respectively. It is observed that the configurations (a, i) and (b, i)
present the lowest cohesion energy. In models (a) and (b) the
bonding length between nearest neighbors in Gr varies from 1.37 to
1.38 A, which represents a mismatch of approximately 3% in rela-
tion to the pristine Gr. For models whose surface terminates with Al
atoms, the interplanar distances dy is smaller for model (b). In all of
the models the slab thickness d5 is smaller than that of 12.51 A of
the bulk crystal unit cell. In model (c), where the Gr layer is placed
on the top of the a-Al,03 (0001) slab terminating with O atom,
there is a strong decrease in the O—C bonding, due to the charge
transfer from carbon to oxygen, whereas the C—C bonding lengths
vary between 1.36 and 1.54 A, with the C atoms distributed in two
planes separated by 0.635 A.

The results for the band structures and transport properties of
each model will be presented separately based on the geometry
optimization processes (i) and (ii). The band structures and the
projected density of states (PDOS) of the individual atoms are
shown in Fig. 2 for the configurations belonging to the optimization
process (i). At the left-hand column we present the band structures
whereas the corresponding PDOS are on the right-hand side. In (a,
i), the band structure of the pristine Gr is introduced into the gap of
the «-Al,03 (0001). The conduction and the valence 7 bands (CB

Energy - ¢, (eV)

Energy - g (eV)
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Fig. 2. Band structure (left) and projected density of states (PDOS) (right) of the
models for Gr on a-Al,03 (0001) surface (a, i), (b, i) and (c, i). The PDOS spectra are for
C (red), O (blue), Al (green), total PDOS (black) (sum of the contribution of C, O and Al)
and pristine Gr (light blue). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

and VB, respectively) are similar to the 7 bands of pristine Gr
around the Dirac K symmetry point. The similarity between the
density of states of the pristine Gr (light blue) and the PDOS of Gr/«-
Al03 (0001) (red) can be seen from the PDOS spectrum. There is
practically no contribution of the Al and O atoms to the PDOS of VB
and CB. Moreover, analyzing the results presented in Fig. 2, we
observe that the valence and conduction 7 bands of (b, i) are
apparently similar to the case (a, i). In Fig. 2 (c) the surface termi-
nates with O atoms with a large charge transfer between carbon
and oxygen atoms, opening an indirect gap of 1.19 eV between the
two m bands of Gr. The lower band becomes the conduction band
formed by = orbitals of three carbon atoms of the sublattice A and
three oxygen atoms of the a-Al,03 (0001) surface which are
directly bound to the carbon atoms.

In Fig. 3, the PDOS is described in terms of the contributions of
the s and p orbitals. In Fig. 3(a) for model (a, i), there is a good
consonance between the p orbital PDOS (red color) and the density
of states of pristine Gr (blue color) close to the Fermi level. How-
ever, PDOS for model (b, i) differs from that of model (a, i) and also
from that of pristine graphene. In this case, the similarity between
the PDOS of Gr/«a-Al;03 (0001) and the pristine Gr around the Fermi
level occurs mainly for energy above eg. Fig. 3 (c) exhibits a strong
contribution of the 7 orbitals to the density of states of Gr/a-Al,03
around the Fermi level.

From Table 2, for case (a, i), we can see that the valence and
conduction 7 bands are formed essentially from 2p, orbitals of the
carbon atoms. Using the notation A and B to label the two triangular
Gr sub-lattices [32,33], each one with a basis of two atoms per unit
cell, there are four Gr unit cells on the a-Al,03 (0001) surface,

1 (a)

PDOS

1 (b)

PDOS

PDOS

0 T T T T T T T T T T T
-3 -2 -1 0 1 2 3

Energy - ¢ (eV)

Fig. 3. Projected density of states (PDOS) of p (red) and s (blue) orbitals for Gr on a-
Al,05 (0001) surface, compared with the PDOS of pristine Gr (black). (a), (b) and (c)
correspond to the models presented in Table 1 and Fig. 2. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Table 2
Contributions of the atomic orbital to the valence and conduction band of Gr/a-
Al;03 (0001) for the model (a, i).

Valence Band Conduction Band

C atom Orbital ]‘I’r|2 C atom Orbital \mz

Aq 2p; 0.248 Aq 2p; 0.004
Ay 2p; 0.242 Ay 2p; 0.004
As 2p; 0.241 A3 2p; 0.003
Ay 2p; 0.241 Ay 2p; 0.004
B, 2p; 0.004 By 2p, 0.247
B, 2p; 0.004 B, 2p; 0.241
Bs 2p; 0.004 Bs 2p; 0.241
By 2p, 0.003 By 2p; 0.241
0] 2p, - 0] 2p; 0.001

whose atoms are labelled in Table 2 as A; and B;, i = 1,2, 3,4. The
valence band is composed practically of 2p, carbon orbitals from
the sublattice A, whereas the conduction band is formed of p,
carbon of sublattice B.

From Table 3, for case (b, i), the valence and the conduction 7
bands are formed significantly by the 2p, carbon orbitals of the Gr
sublattices A and B, respectively, but there is also a small contri-
bution from the 2p, orbital of the Al atoms.

In Fig. 4 (a) the electrical conductivity and (b) the electronic
thermal conductivity divided by the relaxation time of Gr (black
color) are demonstrated for the three models described in Table 1
as (a, i), (b, i) and (c, i). For the models (a, i) (red color) and (b, i)
(blue color) both the electrical and thermal electronic conductiv-
ities present the linear behavior as that of Gr (black color). For both
the above cases, the values of the transport properties of Gr/«-Al;03
(0001) slab are lower than that of pristine Gr, due to the mismatch
of 3% between the lattices of Gr and «-Al;03 (0001), which in-
creases the electronic scattering of the conduction electrons. On the
other hand, the model (c, i) lost that linear characteristic. The O
atoms of the a-Al;03 (0001) surface interact differently with the C
atoms of sublattice A and B of Gr. For each unit cell of Gr/a-Al,03
(0001) slab, two oxygen atoms interact with two C atoms of sub-
lattice A and only one O atom interacts with one C atom of super-
lattice B. This breaks the equivalence between the two Gr sublattice
and destroys the electronic peculiar behavior around the Dirac
symmetry K point.

Let us now consider the cases pertaining to the geometry opti-
mization process (ii). The band structure and the projected density
of states are shown in Fig. 5. The 7 valence and conduction bands of
Gr appear inside the band gap of the a-Al;03 (0001) slab for (a, ii)
and (b, ii), as also observed for (a, i) and (b, i). However, there is a
mini-gap in the band structures of (a, ii) and (b, ii) of 35 meV and

Table 3
Contributions of the atomic orbital to the valence and conduction band of Gr/a-
Al;05 (0001) for the model (b, i).

Valence Band Conduction Band

C atom Orbital ‘plz C atom Orbital \p‘z
Aq 2p; 0.246 Aq 2p; -

A, 2p; 0.246 A 2p; -

As 2p; 0.224 A3 2p; -

Ay 2p; 0.246 Ay 2p; —

B, 2p; 0.002 B, 2p; 0.245
B, 2p; 0.001 B, 2p; 0.246
B3 2p; — B3 2p; 0.248
By 2p; — By 2p; 0.246
Al 2p; 0.014 Al 2p; -

Al 1s 0.004 Al 2p; —

o) 2Dy 0.001 0 2p, -
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Fig. 4. Electrical conductivity (a) and electronic thermal conductivity (b) divided by
the relaxation time 7 as a function of the chemical potential y for (a, i) (red color), (b, i)
(blue color) and (c, i) (light green color). For the sake of comparison, the conductivity
of pristine Gr is also presented (black color). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

70 meV, respectively. In (a, ii) the Fermi level is 85 meV below the
energy of the K Dirac symmetry point, revealing a p-type semi-
conducting behavior, while in (b, ii) this gap is less pronounced. In
(b, ii) the Fermi level is immediately below the top of the valence
band. In both cases, two sp bands are introduced, crossing with the
two Gr bands. These new bands are formed from the s and p orbitals
of Al and O atoms localized in the bottom of the «-Al;,03 (0001)
slab. In (c, ii) the charge transfer between C and O atoms splits the
Gr bands, creating an indirect gap of 1.2 eV between the M and the
I' symmetry points.

Fig. 6 exhibits (a) the electrical conductivity and (b) the elec-
tronic thermal conductivity for the cases (a, ii) (red color), (b, ii)
(blue color) and (c, ii) (light green color). For (a, ii) and (b, ii) we
observe that the conductivity is approximately linear very close to
the minimum. Moreover, the minima (a, ii) and (b, ii) are dislocated
to the right of that of pristine Gr. Thus the above behavior corrob-
orates the p-type semiconducting characteristic. The conductivity
of the case (c, ii) is qualitatively different from Gr because of the
breakdown of the electronic structure of Gr due to the charge
transfer between the C and O atoms. The thermal conductivity for
models (a, ii) and (b, ii) are less than that of pristine Gr and the
qualitative behavior are very similar to that of (a, i) and (b, i).
However /7 for (c, ii) differs significantly from that of (c, i). Unlike
k/7, a/7 suffers little change due to the optimization procedure.

In Tables 4 and 6 the contributions from the sublattices A and B
of Gr atoms band structures are presented for the models (a, ii) and
(b, ii), respectively. The valence bands are formed essentially by the
sublattice A orbitals and the conduction bands by the sublattice B
orbitals. Tables 5 and 7 exhibits the contributions of Al and O atoms
for the sp bands of the models (a,ii) and (b, ii), respectively, which
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Fig. 5. Bands structure (left) and projected density of states (PDOS) (right) of the
models for Gr on «-Al,03 (0001) surface for the models (a, ii), (b, ii) and (c, ii),
correspond to the configurations described in Table 1. The PDOS spectra are for C (red),
O (blue), Al (green), total PDOS (black) (sum of the contribution of C, O and Al) and
pristine Gr (light blue). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

crosses the valence and conduction bands. The contributions of the
Al and O atoms dominate in the upper and the lower bands,
respectively.

4. Conclusion

We studied the electronic structure and transport properties of a
single layer of graphene (Gr) on «-Al,O3 surface using density
functional theory (DFT). We analyzed six cases classified on the
basis of the geometric optimization process and the types of atoms
with which the alumina surfaces terminate. The band structure, the
projected density of states, the electrical and the thermal electronic
conductivities were calculated. The calculations revealed the
following results: 1) the models (a, i) and (b, i) that terminate with
Al atoms and the optimization allowed all atoms of the supercell to
move in accordance with the BFGS quasi-Newton algorithm pre-
serve qualitatively the band structures and the electrical and
thermal electronic properties of the pristine Gr. However, in both
the cases, the conductivities are smaller than that of pristine Gr due
to the mismatch of the lattice parameters of Gr and the «-Al,03
(0001) slab. 2) the above models which allowed the three topmost
layers of the a-Al,03 (0001) slab, including the C atoms, to move,
whereas the atoms of the remaining layers were frozen in their
atomic bulk positions (a, ii) and (b, ii) present a mini-gap at the
Dirac symmetry point, with the Fermi level below and above the
conduction band for models (a, ii) and (b, ii), respectively. 3) The
models where the surface terminated with oxygen atoms (c, i) and
(¢, ii) irrespective of the optimization procedure lost the
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Table 4

Contributions of the atomic orbital to the valence and conduction band of Gr/a-
Al;03 (0001) for the model (a, ii).

Valence Band

Conduction Band

C atom Orbital lp‘z C atom Orbital ‘plz
Aq 2p; 0.250 Aq 2p; 0.001
A 2p; 0.243 Ay 2p; 0.002
A3 2p; 0.243 As 2p; -

Ay 2p; 0.243 Ay 2p; 0.001
B, 2p; 0.001 B, 2p; 0.249
B, 2p; 0.001 B, 2p; 0.243
B3 2p; 0.002 B3 2p; 0.243
By 2p; - By 2p; 0.243
0 2p; - [0} 2p; 0.001

Table 5

Contributions of the Al and O atomic orbital to the energy bands inside the gap of the
a-Al;03 (0001) slab for the model (a, ii).

Atom lower band Upper band
Orbital q,‘z Orbital lplz

(0] 2s 0.003 1s 0.012
2px 0.059 2px 0.009
2py 0.697 2py 0.011
2p, 0.212 2p; 0.198

Al 2s 0.002 1s 0.275
2px — 2px 0.017
2py - 2py 0.009
2p, 0.002 2p; 0.424
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Table 6
Contributions of the atomic orbital to the valence and conduction band of Gr/a-
Al,05 (0001) for the model (b, ii).

Valence Band Conduction Band

C atom Orbital q_,lz C atom Orbital ‘F\Z

Aq 2p; 0.248 Aq 2p; 0.002
Ay 2p; 0.248 Ay 2p; 0.001
As 2p; 0.247 A3 2p; 0.001
Ay 2p; 0.244 Ay 2p; 0.001
B, 2p; 0.002 By 2p, 0.247
B, 2p; 0.001 B, 2p, 0.246
Bs 2p; 0.001 B3 2p; 0.248
By 2p, 0.001 By 2p; 0.247
Al 2p, - (o] 2p, 0.001

Table 7

Contributions of the Al and O atomic orbital to the energy bands inside the gap of the
a-Al;03 (0001) slab for the model (b, ii).

Atom lower band Upper band
Orbital le Orbital \p‘z
(0] 1s 0.003 1s —
2px 0.351 2px 0.080
2py 0.361 2py 0.020
2p; 0.254 2p; 0.145
Al 2s 0.002 2s 0.278
2px - 2px 0.017
2py - 2py 0.017
2p; 0.002 2p, 0.425

characteristic electronic structure of pristine Gr due to a significant
charge transfer between the carbon and oxygen atoms on the
substrate surface.
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