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By first-principles calculations, the electronic properties of chemical modified graphene antidot lattices

with hexagonal holes (HexGALs) were investigated. The modified HexGALs adsorbed by carboxyl and

amino groups, the vacancy defected HexGALs by removing carbon atoms and the doped HexGALs

substitutionally by boron and nitrogen were all studied. It was found that the adsorptions of carboxyl or

amino groups on HexGALs cannot lead to the transition from intrinsic semiconductor to p-type or

n-type, but can induce the magnetism to nonmagnetic HexGALs in the case of the imbalance adsorption

of groups on two sublattices, which is very similar with the case of corresponding vacancy defected

HexGALs. But the adsorptions of the second carboxyl and amino tend to kill the magnetism. On the

contrary, the substitutional doping of boron and nitrogen in HexGALs cannot induce magnetism but can

turn HexGALs to expected p-type and n-type semiconductor, respectively. The appearance of the net

magnetism is closely related with the number difference of carbon atoms of two sublattices in the p
conjugation network.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

Graphene, combining a high mobility (�15 000 cm2/V s) with
the possibility of patterning using e-beam lithography, attracts
more and more attentions from its discovery [1–4]. However, the
perfect graphene is semimetallic and thus not suitable for many
electronic and optoelectronic applications which require gapped
semiconductor material. For opening the gap of graphene at the
room temperature, patterning graphene into nanoribbons by
e-beam lithography [4], chemical method [5] and unzipping
carbon nanotubes [6, 7] has been realized, as well as tuning the
gap of bilayer graphene by double gate [8]. Alternatively,
graphene antidot lattices (GALs), a periodic array of holes
(antidots) on graphene, are theoretically predicted a very
promising material for their excellent properties of turning the
semimetallic graphene into a gapped semiconductor, and the size
of the gap can be tuned via the antidot lattice parameters.
Moreover, the GALs with some special shapes of antidots can act
as a magnetic superatoms [9–16]. Recent experimental investiga-
tions, using e-beam lithography [17], oxygen plasma treatment
[18], transmission electron microscope [19] and bottom–up
synthesis [20] to create antidots in graphene, suggest that it is
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possible to employ such techniques to create variable-sized
graphene antidots.

It has been demonstrated theoretically and experimentally
that carboxyl (amino) adsorbed and boron (nitrogen) doped
graphene and graphene nanoribbons are p-type (n-type) con-
ductivity [21–24]. Moreover, carboxyl functionalized carbon
materials can be further functionalized through derived carboxyl
with other chemical moieties, such as amide, ester bonds and so
on [25,26], which makes it potential applications on biological
molecule detecting. On the other hand, the chemical contamina-
tion is inevitable more or less in the manufacture process of GALs.
So investigating the influence of chemical modification on the
electronic properties of GALs is fairly necessary.

In our work, the influences of carboxyl and amino groups
adsorbed on GAL with hexagonal holes (HexGAL) were mainly
studied by first-principles calculations, as well as the case of
boron and nitrogen doped HexGAL. And we compared them with
the case of vacancy defected HexGALs which is achieved by
removing the carbon atoms at the adsorptive or dopped sites.
Some interesting and valuable results were obtained.
2. Computational method

The calculations were performed by the Vienna Ab initio
Simulation Package (VASP) [27], which is based on density
functional theory and plane-wave pseudopotential method. The
plane-wave cutoff energy was 400 eV for all calculations. The
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generalized gradient approximation (GGA) [28] and the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation function
[29] was chosen. All the atomic structures were fully optimized
using the conjugate gradient algorithm until the residual forces
was smaller than 0.01 eV/Å and the change of total energy was
smaller than 10�4 eV. All geometry optimizations and electronic
structure calculations were performed using periodic boundary
conditions, and the brillouin-zone integrations were performed
using an 11�11�1 Monkhorst-Pach (MP) grid [30]. To avoid the
interaction between adjacent graphene layers, each graphene
plane was separated by greater than 10 Å of vacuum.
3. Results and discussion

The unit cell of HexGAL investigated in our calculations is shown
in Fig. 1b, which, including 48 carbon atoms, is obtained through
Fig. 1. The band structures of (a) graphene and (b) HexGAL. The insets are

Fig. 2. The tilt view (upper panel), side view (middle panel) and geometry parameter

HexGAL and (c) vacancy defected HexGAL. The color code: yellow, carbon in a-sublattic

nitrogen; white, hydrogen. (For interpretation of the references to color in this figure l
extracting six carbon atoms from the centre of perfect graphene
supercell (Fig. 1a). All the suspended bonds at the edge of antidot
were saturated with hydrogen. The periodic array of hexagonal unit
cell of HexGAL results in a rhombic antidot lattice (Fig. 1c) and the
base vectors were denoted by a1 and a2, whose magnitudes are both
12.816 Å. After geometry optimization, the lengths of C–C bonds at
the edge of antidot change to 1.392 Å from the original 1.424 Å of
perfect graphene, and the length of C–H bond is 1.091 Å.

From the corresponding band spectra of perfect graphene
(Fig. 1a) and HexGAL (Fig. 1b), It can be seen that the perturbation
of periodic antidots removes the bands degeneracy at G points
and results in an energy gap (0.8088 eV), because the antidots
partly destroy the p conjugation network in graphene and the
narrow connecting branches between the antidots behave as a
network of nanoribbons [17]. Because the removal of six
symmetrical carbon atoms at the centre of graphene supercell
does not induce the imbalance of graphene sublattices, so the
the corresponding supercells. (c) Rhombic antidot lattice of HexGAL.

s (lower panel) around C0 of (a) carboxyl adsorbed HexGAL, (b) amino adsorbed

e; Grey, carbon in b-sublattice; blue, C0 at the adsorptive site; red, oxygen; green,

egend, the reader is referred to the web version of this article.)



Fig. 3. The spin-polarized band structures of (a) carboxyl HexGAL, (b) amino HexGAL and (c) vacancy defected graphene. The black solid lines represent spin-up bands and

the red dashed lines represent spin-down bands. The fermi level is set to zero and is denoted by dotted line. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Fig. 4. The TDOS (upper panel) and PDOS (lower middle panel) spectra of Carboxyl HexGAL (a), amino HexGAL (b) and vacancy defected HexGAL (c). The black upward and

red downward lines in TDOS represent spin-up and spin-down states, respectively. The cyan upward and pink downward lines in PDOS represent spin-up and spin-down

states of Pz orbital electrons, respectively. Other colors in PDOS represent the spin-polarized states of other orbital electrons. The positions of a1, a2, a3, b1, b2 and C0

carbons are marked in Fig. 2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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HexGAL are still nonmagnetic. This is coincident with Refs.
[9,12,31] calculated by tight binding model.
3.1. The electronic properties of modified HexGAL with single defect

per unit cell

Three types of defects in HexGAL were taken into considera-
tion: Carboxyl adsorbed defect, amino adsorbed defect and
vacancy defect. Calculations indicate that the energetically
favorable site for three types of single defect are all located at
the edge of antidots, as is in accordant with Refs. [21,26] in which
the carboxyls usually appear at the defect or the edge of graphene.
The six equivalent high-active sites at the edge of antidots
construct a hexagonal antidot, which is marked by blue dashed
hexagon in Fig. 1b.
Fig. 5. The band structures of (a) double carboxyl adsorbed HexGAL, (b) double amino a

meta- (middle panel) and para-position (lower panel), respectively. The insets are the

carbon in b-sublattice; blue, C0 at the adsorptive site; Red, oxygen; green, nitrogen; whi

reader is referred to the web version of this article.)
Fig. 2 shows the unit cells of (a) single carboxyl adsorbed,
(b) single amino adsorbed HexGAL and (c) single vacancy defected
HexGAL. From the top to the bottom, the illustrations are,
respectively, the tilt views, the side views and the geometry
around defects. The yellow, grey and blue balls represent the
carbon atoms in a-sublattice, in b-sublattice and at the adsorptive
sites (C0), respectively. The red, green and white balls represent
oxygen, nitrogen and hydrogen atoms, respectively. It is obvious
that the blue carbon C0 at the adsorptive site is higher than the
surface of HexGAL (see the middle panel of Figs. 2a and b), and its
C–C bonds connected with adjacent carbons change to 1.500 Å for
carboxyl HexGAL and 1.499 Å for amino HexGAL from original
1.394 Å. The angle between these two bonds changes to 114.91 for
carboxyl HexGAL and 114.31 for amino HexGAL from original
122.81 (see the lower panel of Fig. 2a and b). Fig. 2c is the case of
corresponding vacancy defected HexGAL achieved by removing C0
dsorbed HexGAL and (c) double vacancy defected HexGAL at ortho- (upper panel),

corresponding atomic structures. Color code: yellow, carbon in a-sublattice; grey,

te, hydrogen. (For interpretation of the references to color in this figure legend, the
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at the chemisorption site, which results in the angle at the
opposite corner of the missing carbon enlarging to 122.71, while
all the carbon atoms are still located in the same plane.

The spin-polarized band structures of carboxyl adsorbed,
amino adsorbed and vacancy defected HexGAL for one defect
per unit cell are shown in Fig. 3(a)–(c), respectively. The solid
black lines and dashed red lines correspond to the spin-up bands
and spin-down bands, respectively. Though the carboxyl and
amino are generally viewed as electron acceptor and electron
donor, respectively, the adsorptions of them on HexGALs do not
lead to p-type and n-type conductivity. On the contrary, the band
spectra of carboxyl HexGAL (Fig. 3a) and amino HexGAL (Fig. 3b)
are very similar, and are nearly the same with that of the vacancy
defected HexGAL (Fig. 3c). All three types of single defects per unit
cell lead to the appearances of a pair of spin-polarized quasi-flat
bands near the fermi level, in which the spin-up band is filled
while the spin-down band is empty, thus 1mB magnetic moment
per unit cell appears.

For clarifying the distribution of these quasilocalized states,
the total and partial density of states (TDOS and PDOS) of carboxyl
HexGAL, amino HexGAL and vacancy defected HexGAL are shown
in Fig. 4(a–c), respectively. The black upward lines and red
downward lines represent the spin-up and spin-down states,
respectively. In the TDOS spectra of defected HexGAL (the top
panel), a pair of strong peak appears near fermi level, and the
spin-up state is filled and the spin-down state is empty. But in the
PDOS spectra (the upper middle panel in Fig. 4a and b) of
carboxyl, amino and C0 atoms (carbon atoms at the adsorptive
site), there are no obvious signal near fermi level, even near the
bottom of conduction band and the top of valence band, which
implies that the p conjugation network of HexGAL is interrupted
at C0 position. This is coincidence with the hybrid orbitals
transition of the adsorbed carbon from sp2 to sp3 induced by
the chemisorption. The chemisorption defects of carboxyl HexGAL
and amino HexGAL result in the removal of one carbon atom from
the p conjugation network, which has the equivalent effect with
the vacancy defect of HexGAL for the electronic structure. This
result is fairly similar with that of Refs. [11,31,32] calculated by
tight binding model, but the imbalance of sublattices in their
results is not induced by an adsorption but by the vacancy defect
or different shapes of antidot.

Several typical PDOS spectra of other carbon atoms in three
types of defected HexGAL are shown in the lower middle panel of
Fig. 4, and the corresponding carbon position in three defected
HexGALs are labeled in Fig. 2. The cyan upward lines and pink
downward lines represent the spin-up and spin-down states of Pz

orbitals, respectively, and other color lines represent spin
polarized states of three sp2 hybrid orbitals. It is obvious that
the states near the bottom of conduction band and the top of
valence band for three types of defected HexGAL are all occupied
by Pz electrons of all the atoms except for the adsorbed carbon
and adsorbate, whereas the TDOS strong peak near fermi level are
formed only by the states of Pz electrons of a-carbons. Also, in all
PDOS spectra of a-carbons, the spin-up state near fermi level is
Table 1
The binding energy of the second carboxyl and amino adsorbed on HexGAL (eV)a.

Ortho-position Meta-position Para-position

Carboxyl �1.6151 �1.0375 �1.7727

Amino �1.9864 �1.1741 �2.0053

a The binding energy Eb is defined as Eb=Edouble-adsorbed HexGAL�Egroup�

Esingle-adsorbed HexGAL, in which Edouble-adsorbed HexGAL is the total energy of double

carboxyl or amino adsorbed HexGAL, Egroup is the energy of carboxyl or amino and

Esingle-adsorbed HexGAL is the total energy of single carboxyl or amino adsorbed

HexGAL.
filled and the spin-down state is empty. That is to say the
magnetism of single defected HexGAL is distributed only on the
a-sublattice. Carefully examining the peak amplitude of a-carbon
PDOS at fermi level, we also found that the peak amplitude
decreases with the increase of distance between the considered
carbon and the defect, which suggests that the magnetism of
HexGAL is mainly distributed on a-carbons around the defect.
3.2. The electronic properties of modified HexGAL with two defects

per unit cell

Because of the high chemical activity of carbons at the antidot
edge of HexGAL, the electronic structures of two carboxyl
adsorbed HexGAL, two aminos adsorbed HexGAL and two vacancy
defected HexGAL with the defects at the antidot edge were
investigated also. The corresponding band structures are shown in
Fig. 5(a–c), and the insets are the corresponding atomic
structures. Since the six equivalent carbon atoms at the antidot
edge construct a hexagon (see Fig. 1b), there are three different
chemisorptive or vacancy defected geometries for two defects per
unit cell: ortho- (upper panel), meta- (middle panel) and para-
position (lower panel) defected geometries. It is obvious that for
the same geometries of different defects, the band structures are
very similar, which also indicates that the chemisorption defects
are equivalent with the corresponding vacancy defects. However,
for the ortho- and para-defected HexGALs (upper and lower panel
in Fig. 5), there are no local energy levels at fermi level, whereas
the band spectra of meta-defected HexGALs have two pair of spin-
polarized bands near fermi level (middle panel in Fig. 5), in which
two spin-up bands are filled and two spin-down bands are empty,
thus 2mB magnetic moment per unit cell is induced.

The graphene lattice is the bipartite lattice, which can be
viewed as two interpenetrating hexagonal sublattices of carbon
atoms (labeled a and b). For the perfect HexGAL, the two
sublattices are equivalent and there is no magnetism. When
single carboxyl or amino group adsorbed at a carbon or a carbon
was removed per unit cell, only one carbon atom is removed from
the p conjugation network of HexGALs, resulting in a number
difference of one carbon atom between two sublattices in the p
conjugation network and inducing 1mB magnetic moment per
unit cell. But for three types of defected HexGALs with two defects
per unit cell, the ortho- and para-defected HexGALs all have the
same carbon number in two sublattices though two carbon atoms
Fig. 6. The band structures and unit cells (insets) of the doped HexGALs by

(a) boron and (b) nitrogen substitutionally. Color code: yellow, carbon in a-

sublattice; grey, carbon in b-sublattice; pink, boron; purple, nitrogen; white,

hydrogen. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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are removed from the p conjugation network, because these two
carbon atoms belong to different sublattices. However, for the
meta-defected HexGALs, two carbons removed from the p
conjugation network belong to the same sublattice, which result
in a number difference of two carbon atoms between two
sublattices in the p conjugation network and induce 2mB
magnetic moment per unit cell. That is to say, for hydrogen
saturated HexGAL, the sublattice imbalance of defected HexGAL
can induce 9na–nb9mB magnetic moment per unit cell, in which na
and nb are, respectively, the carbon number of two sublattices in
the p conjugation network.

Through calculating the binding energy (listed in Table 1) of
the second carboxyl and amino adsorbed on HexGAL, we found
that the most energetically stable site for the second group is the
para-adsorption, which implies that the magnetic chemisorption
defect on HexGAL is unstable, and the adsorption of the second
carboxyl or amino tends to kill the magnetism and recovers the
Fig. 7. The TDOS and PDOS spectra of the doped HexGALs by (a) boron and (b) nitro

spin-down states, respectively. The cyan upward and pink downward lines in PDOS re

colors in PDOS represent the spin-polarized states of other orbital electrons. The posit

color in this figure legend, the reader is referred to the web version of this article.)
magnetic moment to zero. This property is the same with the case
of hydrogen adsorbed graphene [33].
3.3. The electronic properties of doped HexGAL by boron and

nitrogen

The electronic properties of the doped HexGAL substitutionally
by boron and nitrogen were also studied. Several unequivalent
doping sites were considered and the most energetically favorable
doping sites are still at the edge of HexGAL. Fig. 6 is the band
structures of the doped HexGAL, respectively, by boron (a) and
nitrogen (b) at the antidot edge. In opposition to the case of
chemisorption HexGAL, boron and nitrogen doping in HexGAL
cannot induce magnetism to HexGAL but result in p-type and
n-type semiconductors, respectively. Fig. 7 is the TDOS (upper
panel) and PDOS (lower middle panel) of the doped HexGAL,
gen. The black upward and red downward lines in TDOS represent spin-up and

present spin-up and spin-down states of Pz orbital electrons, respectively. Other

ions of labeled atoms are marked in Fig. 6. (For interpretation of the references to
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respectively, by boron (a) and nitrogen (b). From the PDOS
spectra, it can be seen that the states near the bottom of
conduction band and the top of the valence band are all
occupied by p electrons of all atoms, and boron and nitrogen
are no exception, which implies that the p conjugation network
are not interrupted at the doping site. Moreover, the states near
fermi level are also distributed mainly on the a-carbon atoms
when we denote the sublattice of the doping site as b.
4. Conclusion

In conclusion, using first-principles calculations, we investi-
gated the electronic properties of the chemisorption HexGALs by
carboxyl and amino, the vacancy defected HexGALs by removing
the carbon atoms and the doped HexGALs by boron and nitrogen
substitutionally. The chemisorption of carboxyl and amino on
HexGALs would make a transition from nonmagnetic semicon-
ductor to magnetic semiconductor in the case of imbalance
adsorption on two sublattices, and the calculated magnetic
moment is 9na–nb9mB, in which na and nb are, respectively, the
carbon number of two sublattices in the p conjugation network.
These properties of chemisorption HexGALs are very similar with
the case of corresponding vacancy defected HexGALs. However,
the energetically favorable site of the second carboxyl or amino
adsorption on HexGAL is the site that would eliminate the
sublattice imbalance and thus kills the magnetism of the system.
On the contrary, the boron and nitrogen doped HexGALs cannot
give rise to magnetism because the substitutional doping cannot
interrupt p conjugation network at the doping site, thus can
achieve p-type and n-type semiconductors, respectively. These
results are fairly helpful to the in-depth comprehension of GAL’s
physics and quite important to the application of GAL on
electronic and optical devices.
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