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ctronic properties of C2N/
graphene predicted by first-principles calculations

Dandan Wang,a DongXue Han,*a Lei Liub and Li Niua

The zero band gap of pristine graphene hinders its application in high-performance field effect transistors

(FETs) at room temperature. The symmetry breaking of the sub-lattice, originated from the influence of

substrates such as silicon carbide, hexagonal boron nitride as well as graphitic carbon nitride (C3N4), can

produce a band gap in graphene. Herein, another novel kind of substrate, C2N, is employed to break the

symmetry of the graphene sub-lattice, resulting in a band gap of about 0.40 eV in graphene. In

combination with C2N through the weak van der Waals (vdW) interaction, graphene keeps its structural

integrity and charge mobility. A band opening as large as 0.72 eV could be achieved through reducing

the layer spacing to 3.2 Å. This is because the amount of electron transfer from graphene to C2N and

the interaction between C2N and graphene increase with the decreasing interlayer spacing. Moreover,

though the band gap of C2N is slightly altered, its electronic properties especially the direct band gap in

visible region and the band dispersions are almost preserved. Thus, our theoretical results predict the

promising multifunctional applications of C2N/graphene (C2N/G) heterostructures, including high-

performance FETs and metal-free photocatalytic materials for water splitting.
1. Introduction

Graphene has attracted a lot of attention due to its structural
features and excellent electron transport properties.1–3 What's
more, high quality large-area graphene sheets can be obtained
through a number of techniques, for example, mechanical
exfoliation of pyrolytic graphite,1,3 chemical reduction of gra-
phene oxides,4,5 connement controlled sublimation of silicon
carbide,6,7 chemical vapor deposition (CVD) on metal substrate8

etc. Thus graphene has been considered as a strong contender
for a channel material, replacing silicon, in the next generation
of high-speed and low power consumption optoelectronic
devices.9–12 However it's utilization in electronic devices espe-
cially in high speed FETs is limited because logic devices with
channels made of large-area graphene cannot be switched off
due to the zero band gap.3,13

It has been demonstrated that the lack of band gap origi-
nates from the sub-lattice symmetry in graphene.14 To open the
band gap of graphene, many techniques have been utilized to
break the symmetry, such as defect generation,15,16 chemical
doping17,18 and graphene ceramics19 etc.However, the structural
integrity of graphene is usually damaged by those approaches
and as a result the charge transport in graphene is negatively
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inuenced.20,21 Fortunately, an alternative route to induce the
sub-lattice symmetry breaking while preserve the structural
integrity and the electronic properties in graphene is placing
graphene on an appropriate substrate. For example, Zhou et al.
have demonstrated that a band gap of about 0.26 eV is created
for the graphene which was epitaxially grown on SiC substrate22

owing to the graphene–substrate interaction. Moreover, the
atomically at two-dimensional materials which are free from
dangling bonds are alternative substrates for graphene.
Previous rst-principles calculations suggested that a band gap
of 0.1 eV can be opened up when graphene is Bernal stacked on
hexagonal boron nitride (hBN) substrate.23 Experimentally, the
mobility of charge carriers in hBN supported graphene is
improved compared to that of SiO2 supported graphene.24

Though the band gap is opened without degrading the elec-
tronic properties in graphene through those approaches, the
obtained band opening is usually smaller than 0.34 eV,25 not big
enough for the application in the channel material in a FET.13

Therefore new strategies are required to develop for bigger band
opening in graphene.

Recently, J. Mahmood et al. successfully synthesized
a layered two-dimensional network structure of C2N-h2D and
the single-layer C2N-h2D crystal was also obtained by them on
a Cu(111) substrate under ultrahigh vacuum conditions.26

Subsequently, C2N-h2D has been demonstrated to be potential
candidates for porous membrane for hydrogen purication,27

visible light responding photocatalyst for water splitting,28

nanoscale electronic and other optoelectronic devices.29

Considering the at two-dimensional structure of C2N-h2D,26
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Top (top panels) and side (bottom panels) views of lattice
structures of the C2N/G heterostructures: (a) AA stacking sequence, (b)
AB stacking sequence. The C atoms of graphene layer are represented
by the light gray balls and those of C2N layer are denoted as dark gray
balls. The N atoms are indicated by blue balls.

Fig. 2 Band structures for (a) monolayer graphene (2O3 � 2O3)
supercell, (b) monolayer C2N unit cell, (c) C2N/G heterostructure with
AA stacking sequence and (d) C2N/G heterostructure with AB stacking
sequence. The vacuum level is set at 0 eV.
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it's expected intuitively that the C2N-h2D can be used as
a substrate for graphene and the sub-lattice symmetry in gra-
phene will break due to the evenly distributed holes and
nitrogen atoms in C2N-h2D. We should also note that the
epitaxial growth of graphene on Cu(111) surfaces via chemical
vapor deposition is known to be one of the most reliable routes
toward high-quality large-area graphene.30,31 Therefore the
obtain of C2N/G heterostructures is possible via chemical vapor
deposition technique.

In this work, we design C2N/G heterostructures and perform
rst-principles calculations to investigate their structure and
electronic properties. To obtain the accurate electronic struc-
tures, hybrid functional calculations using HSE06 functional
have been employed. Our calculations demonstrate, for the rst
time, that a gap of about 0.40 eV is opened in C2N supported
graphene and there is a signicant electron transfer from gra-
phene layer to C2N layer. The interlayer interaction can induce
tunable band gap in graphene by altering the interlayer spacing.
We also nd that the electric properties of C2N, especially the
direct band gap in visible region, are almost preserved. These
results suggest that the C2N/G heterostructures can be used
both as an electric material for high-performance FETs and as
a visible light responding photocatalyst in water splitting.

2. Computational method

Our theoretical calculations are based on density functional
theory (DFT) within the Perdew–Burke–Ernzerhof (PBE) gener-
alized gradient approximation32 and the projected augmented
wave (PAW) method as implemented in the Vienna ab initio
simulation package (VASP).33,34 In all calculations, the cutoff
energy for the plane wave basis set is 400 eV, and a vacuum
region of 15 Å is used in building the slab models to avoid the
interaction between two adjacent periodic images. For the
structure optimization, the special K-point sampling with
a K-point separation of <0.04 Å�1 is applied for the Brillouin-
zone integration, and atomic positions are relaxed until their
residual forces are less than 0.01 eV Å�1. To describe the long-
range van der Waals (vdW) interactions, the second version of
vdW-DF (vdWDF2) of Langreth and Lundqvist groups35–38 is
used. What's more, we have employed hybrid functional
calculations using HSE06 functional39 to obtain the accurate
electronic structures.

3. Results and discussion
3.1. Structure properties of C2N/G

We simulate the C2N/G heterostructures by combining (2O3 �
2O3) unit cells of graphene and (1 � 1) unit cell of C2N in
a supercell. Two stacking sequences are considered, as shown in
Fig. 1. Fig. 1(a) exhibits AA stacking arrangement with all C and
N atoms of C2N layer right above C atoms of graphene layer.
Fig. 1(b) has AB stacking sequence with half of the C or N atoms
of the C2N right above C atoms of graphene, while another half
of the atoms are on the top of the centers of graphene hexagons.
Binding energies are estimated to determine the interlayer
interaction using the equation Eb¼ EHS � EG� EC2N, where Eb is
This journal is © The Royal Society of Chemistry 2016
the binding energy, EHS is the total energy of the hetero-
structure, and EG and EC2N are the total energies of the isolated
graphene and C2N constituent layer respectively. The equilib-
rium interlayer spacing of AA and AB stacking heterostructures
is 3.60 Å and 3.57 Å with small binding energies of �42.7 meV
and �45.3 meV per atom of graphene respectively. To validate
these results, the interlayer distance of bilayer graphene is
calculated to be 3.61 Å with the same method and this result
agrees well with reported theoretical studies.40 The small
binding energies suggest that C2N and graphene combine
through a weak vdW interaction without any new chemical
bonds at the interfaces.
3.2. Electronic properties of C2N/G

Besides the electronic properties C2N/G heterostructures, we
rst calculate the electronic structures of graphene (2O3 � 2O3)
supercell and C2N unit cell. For graphene (2O3� 2O3) supercell,
the gapless characteristic is retained while the Dirac points
move to the G point from the K point, as shown in Fig. 2(a). This
RSC Adv., 2016, 6, 28484–28488 | 28485
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Fig. 4 Charge transfer properties: (a) potential profile across the
interface for the C2N/G heterostructures. (b) Front view and (c) top
view of the isosurface of the difference charge density with the iso-
value of 0.003 Å�3. The blue (yellow) color denotes loss (gain) of
electrons.
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Dirac point movement agrees with the 3N rule for the electronic
properties of graphene, which has been veried.41 Our calcula-
tions demonstrate that pristine C2N monolayer is a direct
semiconductor and the calculated band gap is 2.49 eV, seen
from Fig. 2(b), which is consistent with the previous experi-
mental and theoretical results.26,29

Sequentially, we study the electronic properties of C2N/G
heterostructures. The corresponding band structures for the
two stacking congurations shown in Fig. 1 are presented in
Fig. 2(c) and (d). Similar behaviors have been found for the two
stacking structures and the band gap of the heterostructures is
quite small (about 0.1 eV). Comparing the band structures of
C2N/G heterostructures with those of isolated monolayers, as
shown in Fig. 2, we nd the CBM and VBM of the C2N/G are
localized in C2N and graphene respectively. Further analysis of
total density of states (TDOS) and localized density of states
(LDOS) as shown in Fig. 3 indicates the VBM originates from the
pz states of C atoms. Through the band-decomposed charge
density calculations which are not shown here, we nd these C
atoms belong to the graphene component. Furthermore the
CBM is constituted by the hybrid pz states of C and N atoms
which are from the C2N constituent layer.

Further examination on the band characterizations indicates
that the band dispersion of C2N in heterostructures is preserved
while its band gap reduces to 2.20 eV. And a band gap of 0.47 eV
and 0.41 eV at the G point emerges for the C2N supported gra-
phene in AA and AB stacking sequence, respectively. In order to
understand the mechanism of the band gap opening for gra-
phene, the interfacial electronic properties between the C2N
and graphene layers are analyzed. Fig. 4(a) presents the plane-
averaged electrostatic potential along the perpendicular direc-
tion of the C2N/G heterostructures. We nd the potential drop
Fig. 3 TDOS and LDOS of the C2N/G heterostructures. (a) TDOS, (b)
the electronic states of C atoms, (c) the electronic states of N atoms.
The red, blue, green and purple lines are representative for s, px, py, pz
states respectively. The electronic properties of AA and AB stacking
sequence are similar, except for the small gap between the VBM of
graphene and the CBM of C2N. Therefore only the DOS of C2N/G in AB
stacking is shown here.

28486 | RSC Adv., 2016, 6, 28484–28488
(DV) across the C2N/G interface is 6.57 V, which indicates
a strong electrostatic eld and electron/hole accumulation at
the two different constituent layers. From the three-
dimensional charge density difference plots shown in Fig. 4(b)
and (c), which are constructed by subtracting the C2N/G elec-
tronic charge from those of the isolated components, we can
clearly see that the graphene layer denotes electrons to the C2N
layer. The amount of electron transfer is calculated to be 0.13 e
(about 0.005 e per C atom of graphene). This electron transfer
results in p-doping in graphene while n-doping in C2N. It is
noteworthy that circular-shaped hole-rich regions periodically
distribute in the graphene layer due to the periodic holes and
nitrogen atoms in planar C2N. This charge periodicity implying
the sub-lattice symmetry break disrupts the degeneracy of the p
and p* bands of graphene at the G point, which plays an
important role in the band gap opening. What's more, the band
curvature around the Dirac point of the C2N supported gra-
phene is very similar to that of pristine graphene (see Fig. 2(a),
(c) and (d)), which indicates that the effective mass of electron/
hole and the charge mobility are not signicantly inuenced by
the C2N support.

Interestingly, articially decrease the interlayer distance of
C2N/G can result in an energy gap opening increase for gra-
phene. The band gap change with interlayer distance is shown
in Fig. 5(b). When the distance decreases to 2.8 Å, the band gap
of graphene can be as large as 1.3 eV. Actually, it is challenging
to decrease the interlayer distance to 2.8 Å which can be pre-
dicted from the big total energy difference of 1.7 eV, as shown in
Fig. 5(a). Nevertheless, there might be the possibility that the
interlayer distance decreases to 3.2 Å because the correspond-
ing total energy difference is as small as 0.27 eV and the binding
energy of C2N/G is 39meV, seen from Fig. 5(a) and the inset. The
band gap opening at 3.2 Å is 0.72 eV, making the graphene
appropriate as FETs channel material. Note that such a large
band opening of 0.72 eV in substrate supported graphene has
not been reported previously. What's more, the total energy
difference and binding energy variation in Fig. 5(a) suggest that
the band gap of graphene can be tuned between 0.33 eV and
0.72 eV through altering the interlayer spacing of C2N/G from
4.0 Å to 3.2 Å. While, the band gap of C2N decrease from 2.24 eV
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 (a) The total energy of C2N/G heterostructure as a function of
the interlayer distance and the zero of the energy scale is arbitrarily put
at the equilibrium position. The inset shows the variation of the binding
energy of C2N/G with the interlayer spacing. (b) Energy band gaps
against the interlayer distance of C2N/G. The solid red circles denote
the band gap openings of graphene, while the solid squares indicate
the band gap of C2N. The inset presents the variation of the amount of
transferred charges per C atom in graphene with the interlayer
spacing.
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to 2.09 eV with the interlayer spacing decreasing from 4.0 Å to
3.2 Å, as shown in Fig. 5(b). In order to understand the origin of
band gap alteration, we predict the charge transfer at different
interlayer distances. The amount of transferred electron is
found to be increased while the interlayer spacing is narrowed,
which is shown in the inset of Fig. 5(b). The enhanced charge
transfer implies that the interaction between the pz state of
graphene and C2N is strong and the graphene is heavily p-
doped, which results in a bigger band gap opening in graphene.
3.3. Perspectives

On one hand, band gap opening and tailoring in graphene is
one of the most important and urgent research topics in the
graphene applications, especially in single-layer graphene (SLG)
FETs.3,25 In C2N/G heterostructures, the integrity of crystal
structure and the charge mobility are preserved for graphene
while its band gap is opened and tunable between 0.33 eV and
0.72 eV. Therefore, the C2N/G heterostructures are promising
candidate channel materials for high performance SLG FETs.

On the other hand, when integrated into the composites, the
band structure characteristic of C2N is also preserved, as shown
Fig. 6 Band edge alignments of isolated monolayer C2N, C2N layer in
C2N/G heterostructures with AA and AB stacking sequence at equi-
librium spacing, C2N layer in C2N/G heterostructures (AB stacking)
with smaller and bigger interlayer spacing, respectively. The dashed
lines are water redox potentials.

This journal is © The Royal Society of Chemistry 2016
in Fig. 2(b)–(d). Fig. 5(b) indicates that the direct band gap is
always in visible region when the interlayer spacing changes.
What's more, though the CBM potentials of C2N in the heter-
ostructures are lower than that of pristine monolayer C2N, they
are still higher than the reduction potential of hydrogen,
especially those of the C2N/G heterostructures at equilibrium
spacing. And all of the VBM potentials are lower than the
oxidation potential of H2O. The band edge alignments of pris-
tine monolayer C2N and C2N in heterostructures are presented
in Fig. 6. These results suggest that the C2N/G heterostructures
can be used as metal-free alternatives of photocatalytic mate-
rials in water splitting.

4. Conclusions

In summary, we investigated the structural and electronic
properties of C2N/G heterostructures using hybrid functional
DFT methods. The heterostructures are found to be stabilized
through vdW interactions and possess electron transfer from
graphene to C2N. A gap of about 0.40 eV is opened in graphene
at equilibrium interlayer spacing, which is originated from the
symmetry breaking. The interlayer interaction can induce
tunable band gap between 0.33 eV and 0.72 eV in graphene by
altering the interlayer spacing. We also nd that the electronic
properties of C2N, especially the direct band gap in visible
region, are almost preserved. These results suggest that the
C2N/G heterostructures can be used both as an electronic
material for high-performance FETs and as a visible light
responding photocatalyst for water splitting.
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