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Abstract. First-principles calculations were carried out by the Vienna Ab initio Simulation
Package (VASP). Preliminary calculations showed that DFT-D3 method with Becke-Jonson
damping present good agreement of lattice constant with experiment data. Ground state of
graphene position on the SiO, surfaces obtained has been determined. Interlayer distances
between graphene and different types of quartz substrate have been calculated; the interlayer
distances being 3.31 A and 4.32 A for models with open oxygen dangling bonds and with
open silicon dangling bonds, respectively. The adsorption energy of graphene on the
amorphous SiO, surface with open oxygen dangling bonds is larger than the adsorption
energy on the second type of surface. We observed the 0.12 eV band gap in the case with
open oxygen dangling bonds. This kind of quartz surface can be source of a charge puddle.
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1. Introduction

Graphene is a promising material with high charge mobility [1—3]. The substrate material has
a significant negative influence on graphene charge carrier mobility. Quartz is well
established as a substrate in graphene technology. However, the mobility of charge carriers in
such systems is worse than the theoretical calculations for a pure graphene sheet [2, 3]. The
space charge inhomogeneity (so-called charge puddle) leads to degradation of graphene
electronic properties [4—6]. Physical characteristics leading to the occurrence of electron-hole
puddles are not identified uniquely [1, 4, 7]. Possible reasons for their formation are: open
dangling bonds [8], point defects in the graphene layer [9-11], and charged
impurities [12, 13]. The results of experimental work [14] prove that the presence of dangling
bonds on the surface of a SiO, quartz substrate during the device fabrication may be the main
reason for the occurrence of an electron-hole puddle in graphene.

Amorphous SiO, has various types of surface species. In this study the impact of
amorphous SiO, surface variety on the structure and electronic properties of graphene has
been investigated. The a-quartz is the most stable polymorphic modification of SiO,, and its
most stable surface is (001) [15, 16]. Fig. 1 shows the elementary cells of graphite and
a-Si0,. Two typical quartz substrates were chosen for modeling: oxygen atoms are on the
surface (0"™), and silicon atoms are on the surface (Si"™*). Besides the similar substrates
were modeled, but already passivated by hydrogen atoms: O and Si**.

It is possible to passivate the broken bonds with hydrogen atoms absorbed by the
substrate surface for each type of bonds (Si** and O**). In Ref. [17] it was found that the most
stable surface of a-SiO, has the atomic configuration (0001) (O°*"). However the calculations
were performed by quantum-mechanical simulation without taking into account van der
Waals forces which are significant in layered structures. For this reason, the quantum-
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mechanical study of a graphene monolayer deposited on all four types of surfaces: O"™*, 0%,
Si'™* and Si** that takes into account van der Waals forces is of interest.

Fig. 1. Elementary cells of graphite-2H (a) and a-SiO, (b)

2. Computational details
The calculations were based on the density functional theory (DFT). All of calculations were
carried out using VASP (Vienna Ab initio Simulation Package) [18-20]. The projector-
augmented wave (PAW) potentials and Perdew-Burke—Ernzerhof (PBE) functional were
used. The cutoff energy is of 520 eV. The valence electron configurations for Si, O, C, and H
were [Ne] 3s?3p?, [He] 2s%2p*, [He] 2s°2p? and 1s', respectively. The atomic structures were
relaxed until the forces on all unconstrained atoms were smaller than 0.01 eV/A. A vacuum
layer of 20 A along z direction was constructed to eliminate the interaction with spurious
replica images.

Table 1. Exchange-correlation functional for graphite-2H and a-SiO, structure calculation

Lattice constant Difference
Structure Functional with
a, A c, A c/a experiment, %
LDA 2.4479 6.4596 2.6388 3.11
PBE!* 2.4692 7.5047 3.0393 11.59
Graphite- | PBE-D2%* 2.4647 6.3218 2.5649 5.82
2H PBE-D3(zero)** 2.4682 6.7947 2.7529 1.08
PBE-D3(BJ)*! 2.4674 6.6772 2.7061 0.638
Experiment!?®! 2.4642 6.7114 2.7235 -
LDA! 5.0433 5.5341 1.0973 0.256
PBE# 5.0038 5.5869 1.1165 1.490
0-Si0, | PBE-D2*°! 5.0886 5.5742 1.0954 0.428
(quartz) | PBE-D3(zero)*! 5.0867 5.5745 1.0959 0.385
PBE-D3(BJ)*! 5.0801 5.5704 1.0965 0.329
Experiment!?”] 4.9133 5.4053 1.1001 -
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The calculations were carried out without spin polarization. The integration in reverse
energy space was carried on the 7x7x7 and 5x5x5 k-points grids determined by a fine grid of
gamma-centered method. The exchange-correlation functional chosen was based on the
preliminary calculations of structural parameters of the graphite unit cells and o-SiO; and is
given in Table 1.

The DFT-D3 method of Grimme demonstrated the smallest difference between the
calculated and experimental magnitude of lattice constants and have been used for further
calculation. Static self-consistent calculations were performed using the tetrahedron method
and Bloch corrections. Integration in reverse energy space was carried
on the 11x11x1 k-point grids. Structural figures and charge density drawings were produced
by VESTA package [28].

3. Results and discussion

Figure 2 shows the positions of the graphene sheet with respect to the position of quartz unit
cell. Ground states were found for each type of the surface and position of graphene sheets.
The adsorption energy was calculated. The binding energy of carbon atoms in graphene with
a substrate was determined on the basis of relation

_ EtotaI'Egr'Esurf
Eads_ ! (1)

n
where n is the number of graphene unit cells used in a supercell,

Etotal IS the total energy of graphene-SiO,(0001) supercell,
Eqr is the total energy of graphene,
Esurf IS the total energy of a quartz substrate.

Fig. 2. Position of carbon atoms on quartz (0001) substratéﬁ

The interlayer distances and adsorption energy were calculated for all simulated
structures (Figs. 3, 4). The absorption of graphene on the surface of quartz with oxygen
dangling bonds is the most energetically favorable (E.ss = -281 meV). Binding energy
between graphene and SiO, (0001) substrate is in range (-85 to -72.5 meV) for the other types
of surface. Such binding energy indicates that there is physical adsorption of the graphene
sheet on the quartz substrate surface.
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Fig. 3. Interlayer distances and adsorption energy of 0**'(a) and 0"™*(b) structures
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Fig. 4. Interlayer distances and adsorption energy of Si**(a) and Si*"**(b) structures

Optimized structures of O"™* O Sj"™* and O** with adsorbed graphene sheet are
shown in Fig. 5. The distances between the graphene layer and the substrate surface range
from 3.31 to 4.32 A that corresponds to physical adsorption with a strong influence of
van der Waals forces.
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Figure 6 shows charge densities for graphene on a quartz substrate. As seen from the
figure, the nonequilibrium distribution of the graphene charge density is present near the Q"™
substrate. This can have a negative effect on the electronic properties of graphene.

a-2 b-2 c-2 d-2
Fig. 5. Optimized structures of 0™, O**, Sj*"™® and Si** with adsorbed graphene sheet

A
For Qumsat For Sjunsat

Fig. 6. Charge density of graphene on a quartz substrate

The band structures were calculated for the quartz substrate O"™*, graphene and
graphene on quartz. Changes in the states of graphene under the action of a substrate are
observed in the immediate vicinity of the Fermi level. Energy gap arises width from 50 to
120 meV between the bonding and antibonding z-zones of graphene (Fig. 7).



Ab initio simulation of graphene interaction with SiO2 substrate for nanoelectronics application 33

10.0 - = ~—
BETTS B
7.5 1 - 0.8 .
21 21
5.0 A
0.7 :
0 - 0 -
— 2.5 I —
S "
i) Loe | Y 1
Gl S — o ——7
2 ' "¢
wi 2.5 0.5 -4 4“__\‘\‘\-\-—;:.
' ! i ===
-5.0 - L0467 — -6 ‘_</V\
e
7.5 P 8 - :
-10.0 . . 10 . ' 10
r M K r r M K r r
a b c

Fig. 7. Band structure of quartz (a), graphene (b) and graphene on quartz substrate (c)

4. Conclusions

The ground state of graphene position on the obtained SiO, surfaces has been determined.
The interlayer distances between graphene and different types of quartz substrate have been
calculated and are from 3.31 to 4.32 A. It is found that the energy spectrum of graphene on
substrate near the Fermi level is linear. The Fermi level is shifted toward to the valence band,
which indicates a small redistribution of charge on the substrate. Overflow of charge occurs
on the near-surface oxygen atoms (0.07 e/atom).The binding energy of 50 — 80 meV for the
physical adsorption of graphene sheet on a quartz substrate. Electronic structure of adsorbed
graphene has no changes.
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