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Abstract. The utilisation of graphene structures as photonics materials mandates that an
optically active electronic energy gap be formed. Opening of a gap in graphene has been
demonstrated by functionalisation with H, F, or O atoms, while experimental observations of
graphene oxide have hinted at interesting optical properties, with the potential for absorption
of visible light. As such, our analysis is focused on O functionalisation of graphene. We present
results from extensive ab initio and hybrid DFT calculations, demonstrating the creation of an
optically active gap.

1. Introduction

Graphene, owing to its many unique and novel properties, has drawn considerable attention at
the prospect that it can be applied to composite materials and next generation nanoelectronics
and photonics devices [1]. Unfortunately, the lack of electronic energy gap presents an obstacle
to the latter of these applications [2]. Efforts to open a gap in graphene based materials have
thus been the subject of much research in recent years.

The electronic structure of pristine graphene in the vicinity of the Fermi level is driven by
a 2D network of sp?>-hybridised 7 bonds. Disruption of this network by surface adsorption of
suitable atoms, among other methods, can be achieved, potentially leading to the formation of
an energy gap. This has been shown theoretically and validated experimentally for graphene
functionalised with atomic hydrogen [3-5], flourine [6], and oxygen [7, 8.

Experimental observations of graphene oxide (GO) have highlighted some interesting optical
properties [9]. For example, in aqueous suspension, measurements reveal strong optical
absorption in the ultraviolet (UV) [10]. Of key interest is the observation that absorption
peaks are shifted toward the visible range with the reduction of the level of oxidation [11].

We investigate the optical properties of epoxy-functionalised graphene by means of ab
intio and hybrid density functional theory (DFT) calculations. Our results show that this
functionalisation opens a wide and optically active band gap.

2. Methodology

Structural calculations are performed using DFT at the generalised gradient approximation
(GGA) level of theory, with the well-known PBE functional. These are initially carried out
using the GPAW [12] code, an implementation of the projector augmented wave (PAW) method,
and subsequently repeated with a plane wave (PW) basis set using CASTEP [13]. In order to
make quantitative prediction of electronic and optical properties, the hybrid PBEO and B3LYP
functionals are used for the calculation of these. To make this practical, as well as to allow the use
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of an all-electron basis set, the CRYSTAL [14, 15] code, in which Bloch functions are constructed
from localised Gaussian type orbitals (GTOs), is used for the majority of this study.

To find a suitable GTO basis set, the geometry of clean and partially oxidised graphene
cells is relaxed and the bond lengths and binding energies compared to those calculated using
PAW and PW basis sets. The most suitable is found to be the Dunning correlation-consistent
cc-pCVDZ set [16]. For carbon, adjustment of the most diffuse orbital is required, while for
oxygen, the original set is used without modification. Bond lengths are found to be within 0.1 A
and binding energies within 0.01 eV of calculations from the other methods.

Calculations are performed using a rectangular unit cell containing 8 C atoms and 4 O atoms.
The geometry is relaxed and structural parameters calculated using the PBE functional [17].
The relaxed geometry is then used as input for band structure calculations using the PBEO and
B3LYP hybrid functionals [18-20].

3. Results and discussion

Fig. 1(a) shows the most stable configuration of fully oxidised graphene [21]. Each O adatom
forms an epoxy functional group with two C atoms, alternating above and below the graphene
lattice, thereby minimising Coulomb repulsion.
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Figure 1. Surface supercell.

The resultant strain from the formation of sp3-hybridised bonds between the C and O 2p,
orbitals causes vertical displacement of the C atoms from their 2D hexagonal lattice sites, as
shown in Fig. 1(b). The binding energy per O adatom, calculated relative to the energy of a
free O atom, is 3.38 eV, which indicates the structure to be highly stable. The mean C-O bond
length is 0.15 A, while the C atoms are displaced vertically by 0.16 A relative to their positions in
the honeycomb lattice of graphene. The sp? to sp? bond rehybridisation also causes substantial
changes to the band structure, depicted in Fig. 2(a), in comparison to that of pristine graphene.
This, along with the total density of states plotted in Fig. 2(b), clearly identify fully oxidised
graphene to be an insulator, with a band gap of 6.50 eV, as calculated using B3LYP. As can be
expected, the gap predicted by pure ab initio theory, using the PBE functional, is much smaller
at 4.09 eV. The effective masses along the direction I' = M are predicted as m} = 1.36 mo and
my = 0.56 mo, and along I' — K as m; = 0.40 mg and m; = 0.44 my.

Normalised dipole matrix elements are presented in Table 1, showing the fundamental gap
to be optically active. Hybrid functionals again predict dramatically different values to those
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Figure 2. Band structure and density of states.

from pure ab initio theory. These values (from hybrid functionals) are ~ 1/3 of those for the
direct gap bulk zincblende semiconductors, an indication of strong absorption of UV light. For
example, GaAs has dipole matrix elements p, = p, = p. = 9.69 eV A.

Functional P [eV A] py [eV A] p. [eV A
B3LYP 3.66 0.00 0.00
PBEO 3.88 0.00 0.00

Table 1. Dipole matrix elements.
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