
This item is the archived peer-reviewed author-version of:

A first-principles study of the effects of atom impurities, defects, strain, electric field and layer thickness on
the electronic and magnetic properties of the C2N nanosheet

Reference:
Bafekry Asadollah, Stampfl Catherine, Ghergherehchi Mitra, Shayesteh Saber Farjami.- A f irst-principles study of the effects of atom impurities, defects, strain,
electric f ield and layer thickness on the electronic and magnetic properties of the C2N nanosheet
Carbon - ISSN 0008-6223 - 157(2020), p. 371-384 
Full text (Publisher's DOI): https://doi.org/10.1016/J.CARBON.2019.10.038 
To cite this reference: https://hdl.handle.net/10067/1650240151162165141

Institutional repository IRUA

https://repository.uantwerpen.be


Journal Pre-proof

A first-principles study of the effects of atom impurities, defects, strain, electric field
and layer thickness on the electronic and magnetic properties of the C2N nanosheet

Catherine Stampfl, A. Bafekry, Mitra Ghergherehchi, S. Farjami Shayesteh

PII: S0008-6223(19)31047-4

DOI: https://doi.org/10.1016/j.carbon.2019.10.038

Reference: CARBON 14700

To appear in: Carbon

Received Date: 6 July 2019

Revised Date: 15 October 2019

Accepted Date: 16 October 2019

Please cite this article as: C. Stampfl, A. Bafekry, M. Ghergherehchi, S. Farjami Shayesteh, A first-
principles study of the effects of atom impurities, defects, strain, electric field and layer thickness on the
electronic and magnetic properties of the C2N nanosheet, Carbon (2019), doi: https://doi.org/10.1016/
j.carbon.2019.10.038.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier Ltd.

https://doi.org/10.1016/j.carbon.2019.10.038
https://doi.org/10.1016/j.carbon.2019.10.038
https://doi.org/10.1016/j.carbon.2019.10.038


In
te

rs
tit

ia
l a

to
m

s i
n

 n
an

op
or

e

Adatom

C atom

N atom

H
, O

 adsorped 

to N
 atom

s in nanopore

N
-V

ac
an

ci
es

in
 n

an
op

or
e 

� K
-0.2

0

0.2

E
n

er
g

y
 (

eV
)

E
fi

el
d
 >

 0

E
fi

el
d
 <

 0

Electric field

-8% -6% -4% -2% 0% +2% +4% +6% +8%

Strain(%)

0.8

1

1.2

1.4

1.6

1.8

2

E
n

er
g

y
 B

an
d

 G
ap

(e
V

)

Compression 

 
Tensile 

 

TensileTensile

Compression 

 

Compression 

 

Effect of strain

0 20
� K M �

-2

-1

0

1

2

DOS(states/eV)

6
L

-C
2
N



A First-Principles Study of the effects of Atom Impurities, Defects, Strain, Electric

Field and Layer Thickness on the Electronic and Magnetic Properties of the C2N
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Using the first-principles calculations, we explore the structural and novel electronic/optical prop-
erties of the C2N nanosheet. To this goal, we systematically investigate the affect of layer thickness,
electrical field and strain on the electronic properties of the C2N nanosheet. By increasing the
thickness of C2N , we observed that the band gap decreases. Moreover, by applying an electrical
field to bilayer C2N , the band gap decreases and a semiconductor-to-metal transition can occur.
Our results also confirm that uniaxial and biaxial strain can effectively alter the band gap of C2N

monolayer. Furthermore, we show that the electronic and magnetic properties of C2N can be mod-
ified by the adsorption and substitution of various atoms. Depending on the species of embedded
atoms, they may induce semiconductor (O, C, Si and Be), metal (S, N, P, Na, K, Mg and Ca),
dilute-magnetic semiconductor (H, F, B), or ferro-magnetic-metal (Cl, Li) character in C2N mono-
layer. It was also found that the inclusion of hydrogen or oxygen impurities and nitrogen vacancies,
can induce magnetism in the C2N monolayer. These extensive calculations can be useful to guide
future studies to modify the electronic/optical properties of two-dimensional materials.

C2N nanosheet, Defect and strain engineering, Elec-
tronic structure, Electric field, Impurity of atom

I. INTRODUCTION

Graphene,1 as a two-dimensional (2D) layer crystal
of carbon atoms, has attracted substantial interest and
has been considered in a variety of potential applica-
tions in various fields.2–10 Subsequently other 2D ma-
terials (2DM) including hexagonal boron-nitride (h-BN)
and transition metal dichalcogenides have been extracted
from layered bulk materials11–13 and several monolay-
ers from group IV elements, such as silicene, germanene,
and stanene, have also been synthesized.14–17 Also Mx-
ene, a family of complex layered materials that are useful
for various electrochemical energy storage devices.18–20

The lack of a band gap is the major obstacle for the
use of graphene in electronic applications, such as field-
effect transistors, thus, opening of a band gap is of great
technological importance.21,22 Nitrogen doping has been
widely studied as one of the most feasible methods to
modulate the electronic and other properties of graphene
and its derivatives.23–25

Recently, regarding the large subgroup of 2D crys-
tals, intense attention has been paid to a special class
of 2D conjugated polymers due to its anisotropic 2D ge-
ometric morphology, which can be stabilized as mono-
layers by taking advantage of the multifarious chem-
istry of carbon and nitrogen. The strong carbon bonds
give rise to the unique properties of graphene, while
these layered nanomaterials, composed solely of carbon
and nitrogen atoms enable, nitrogen to take many dif-
ferent positions, which enhances the available possibili-
ties to form strong covalent organic frameworks, result-

ing in remarkably high stiffness and strength in these
nanomaterials.26,27 These properties have enabled re-
searchers to grow a number of so-called graphenic car-
bonitrides. C3N has been fabricated and was found
to have interesting properties..28–33,36,37 C3N4 exhibits
semiconducting properties, with the possibility to be a
potential photo-catalyst for water splitting.38,39 Metal-
free magnetism and half-metallicity in C4N3

40–42 was re-
cently predicted theoretically to be useful in spintronic
devices. C6N6 has been explored in experiments43,44 and
was investigated theoretically.45 The successful synthesis
and fabrication of C2N , C3N , C6N8, and C6N6 through
bottom-up procedures motivated us to consider different
approaches to tune the band gap.46–48

Nitrogenated holey graphene is one of the 2D car-
bon nitrite compounds with a stoichiometric formula of
C2N, that contains an evenly distributed lattice of N
and hole sites which has been fabricated49 and found to
have excellent optical, thermal, mechanical, electronic,
and magnetic properties.50 Generally, the use of point
defects, including vacancies, impurities, and interstitial
atoms are an efficient approach to modify the electronic
properties and of fundamental importance in 2DM, which
can be used to effectively modify the intrinsic charac-
teristics, and consequently used for a wide range of ap-
plications. Several approaches have been developed to
modify the electronic and magnetic properties of C2N
and other two-dimensional materials. These methods in-
clude the adsorption and substitution of atoms,51–55 sur-
face functionalizing with atom and molecule,56–61 defect
engineering,62–64 applying electric field,65,66 strain,67,68

and edge states.65,69,70 Generally, the substitution of
atoms into a 2DM is of fundamental importance, as do-
ing so enables a wide range of application devices by tai-
loring the electronic and magnetic properties, which is
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Figure 1. (a) Geometrical atomic structure of C2N , with its hexagonal primitive unit cell indicated by the red parallelogram.
The gray (blue) balls are C (N) atoms. The total (bottom) and difference (up) charge density are also shown in the same
panel. (b) Simulated STM image of C2N over layered with the C2N lattice. (c) Electronic structure, DOS and PDOS. Charge
densities of VBM and CBM are indicated as inset. The blue and yellow regions represent charge accumulation and depletion,
respectively. (d) Orbital-resolved electronic band structure. The zero energy is set to the Fermi level energy (EF ).

useful for numerous applications such as photo-catalyst
applications71–74

In this paper, after investigating the structural, elec-
tronic and optical properties of pristine monolayer C2N,
we aim to study the effect of the number of layers of
C2N nanosheets, application of an electric field for bi-
layer C2N, and strain for single layer C2N, in order to
determine if the character of C2N is altered, e.g. if it be-
comes metallic, half-metallic, a spin glass-semiconductor,
a dilute-magnetic semiconductor. Moreover, we consider
the inclusion of hydrogen and oxygen atoms, as well as
nitrogen atom vacancies in the holey site of the C2N
nanosheet to learn if such functionalization is advanta-
geous for the bandstructure engineering of this novel 2D
material.

II. METHODS

In this paper, we performed calculations of the
electronic structure with geometric optimization, us-
ing spin-polarized density functional theory (DFT) as
implemented in OpenMX Package..75 This code self-

consistently finds the eigenvalues and eigenfunctions of
the Kohn-Sham equations for the systems under study
using norm-conserving pseudopotentials,76 and pseu-
doatomic orbitals (PAOs).77,78 In addition, we used the
Perdew-Burke-Ernzerhof generalized gradient approxi-
mation (GGA) for the exchange and correlation.79 Fol-
lowing the convergences tests, we chose a cutoff energy
of 300 Ry for C2N, so that the total energy converge be-
low 1.0 meV/atom. The atomic positions were relaxed
until the force convergence acting on each atom was un-
der 1 meV/Å. The k-point mesh for sampling over the
Brillouin zone (BZ) integration were generated using the
Monkhorst-Pack.80 For a primitive cell of hexagonal C2N,
a k-mesh of 21×21×1 was used. The supercells were con-
structed with a 20 Å vacuum region normal to the C2N
sheet so that interactions between C2N and its images
are negligible. A 2 × 2 × 1 supercell of C2N, which con-
tains 72 atoms, 48 C and 24 N atoms which in terms
of x, y, z dimensions is defined as 16.69 Å, 16.69 Å,
20 Åis used for the studying lattice with N atom va-
cancies and those with adatom impurities. All systems
are fully atomically relaxed in all directions. In order
to accurately describe the vdW interaction, we adopted
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Figure 2. (a) Absorption coefficient, (b) refractive index,
and extinction coefficient. (c) Optical conductivity and (d)
real and imaginary parts of the complex dielectric function of
monolayer C2N.

the empirical correction method presented by Grimme
(DFT-D2),81 which has been proven reliable for describ-
ing long-range van der Waals (vdW) interactions. Sim-
ulated scanning tunneling microscopy (STM) images are
obtained using the Tersoff-Hamann theory82 for STM im-
ages, as supplied in the OpenMX code and presented us-
ingWSxM software.83 We the computed the optical prop-
erties by using the SIESTA.85 The exchange-correlation
functional of the GGA-PBE is used. A 300 Ry mesh
cut-off is chosen and self-consistent calculations are per-
formed with a mixing rate of 0.1. Core electrons are
replaced by norm-conserving, nonlocal Troullier-Martins
pseudopotentials.76 The convergence criterion for the
density matrix is taken as 10−4 Ry.

III. PRISTINE MONOLAYER C2N

A. Structural and electronic properties

From Fig. 1(a), we can see that C2N is composed of
a hexagonal, 18-atom unit cell, consisting of 12 C and 6
N atoms (highlighted) and the primitive unit cell is indi-
cated by a red parallelogram. The lattice constant of C2N
is calculated to be 8.345 Å, which is in agreement with
the experimentally obtained value of 8.3 Å57 and previous
theoretical calculations.57,86–88 The calculated C-N bond
length is 1.342 Å, while the, C-C bond lengths are 1.429
and 1.457 Å, respectively and the angle of C-N-C is 117◦,
slightly deviated from 120◦. The holey site of C2N, which
forms a nanopore with a diameter of 5.503 Å (highlighted
in orange), provides a reactive region inside for further
functionalization by atoms or molecules. The total and
difference charge density, are shown in Fig. 1(a), electron

in such a way that the blue and yellow regions represent
charge accumulation and depletion, respectively. The to-
tal charge density shows a high charge density around
the N atoms, projecting toward the C-N bonds, indicat-
ing charge transfer from C to N atoms. In this way the
C-N bonds achieve a partially covalent bond character.
In order to provide visible guidance for experimental ob-
servations, are also calculate the STM image which is
shown in Fig. 1(b). To correlate the STM image with
the corresponding atomistic structure, we overlayered it
with the C2N structure with the C (gray ball) and the
N (blue ball) atoms. From the predicted STM images of
C2N, it is easy to recognize and correlate them with the
corresponding atomic structure. The region in the center
of the hexagonal ring of C atoms exhibits the bright spots
(see Fig. 1(b)), while the large pores correspond to the
dark regions. Fig. 1(c) shows the electronic band struc-
ture, density of states (DOS), and partial DOS (PDOS)
of C2N. The charge densities of the valence band maxi-
mum (VBM) and conduction band minimum (CBM) is
shown in the insets. We see that C2N is a direct semicon-
ductor with a 1.75 eV band gap, with both the VBM and
CBM located at the Γ point. The calculated band gap
is in agreement with previous calculations.63,89 From the
DOS and PDOS, we find that the VBM is predominantly
contributed by the N-s, px,y orbitals, with a noticeable
contribution from C-px,y, while the CBM is mainly com-
posed of C/N-pz orbitals. In addition, we can see from
the orbital-projected electronic band structure of C2N on
C and N atoms, as presented in Fig. 1(d), that due to
the pairing of pz orbital electrons of C and N atoms, the
structure has a nonmagnetic ground state. Interestingly,
there is a large DOS at the VBM, which could lead to
transitions to different phases including magnetism, su-
perconductivity, and other phenomena.

B. Optical properties of monolayer C2N

In the following we investigate the optical properties of
monolayer C2N, including the dielectric function, the ab-
sorption and extinction coefficient (K(ω)), refractive in-
dex (n(ω)), and conductivity using SIESTA. We find that
the absorption coefficient is almost zero when the energy
is below 1.35 eV, and for larger photon energies, the value
of the absorption coefficient increases, which corresponds
to the reported 1.75 eV direct band gap. We can observe
many peaks within the energy range, and the structure
of the peaks can be explained by inter-band transitions.
The absorption spectrum starts at about 1.55 eV, after
which the intensity varies with increase in photon energy,
reaching a maximum value of 24.06×104 at 2.44 eV. The
major peak appears in a broad energy range of 2.0-3.0
eV, which indicates the pronounced absorption of visible
light (see Fig. 2(a)). The other absorption peaks are lo-
cated at 5.40 eV and 6.73 eV (in the ultraviolet region).
The coefficients of n(ω) and K(ω), are shown in Fig.
2(b). Our result show that the static refractive index is
n(0)= 1.41, while the maximum refractive index is 1.81
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Figure 3. Optimized structures (upper panel) and band structure with corresponding DOS (lower panel) for different layer
thickness of C2N (a) 1L, (b) 2L, (c) 3L, (d) 4L, (e) 5L and (f) 6L. The zero of energy is set to EF , as shown by the dashed
green-point line. Structural parameters including bond lengths and interlayer distance are shown in the same panel.

at 1.91 eV. We can see that at high photon energy, the
refractive index eventually tends to one. The maximum
of K(ω) is located at 2.40 eV and the spectrum curve
of the refractive index and extinction coefficient rapidly
decrease with increasing photon energy in the UV region.
The optical conductivity is shown in Fig. 2(c). We found
that the peak absorption happens at the photon energy
of 2.30 eV, and gradually reduces to zero in the high en-
ergy region. The real and imaginary parts of the complex
dielectric function, are shown in Fig. 2(d). In addition,
the static dielectric constant in the zero frequency limit is
obtained as ε1(0)=2.02. We observe no negative values in
the real part of the dielectric function, resulting in C2N
exhibiting semiconductor character in this frequency re-
gion. Moreover, in the imaginary part of the dielectric
function ε2(ω), there is mainly one peak, which has a
value of 2.78 at 2.27 eV.

IV. EFFECTS OF LAYER THICKNESS,

ELECTRIC FIELD AND STRAIN

We constructed a few layers of C2N with the stacking
sequence of AA. In the AA stacking, the in-plane posi-
tions of the atoms on the layers are exactly the same. In
the following, the monolayer to hexalayer of C2N is la-
beled by 1L- to 6L-C2N. The optimized atomic structures
from monolayer to hexalayer of C2N are shown in Figs.
3(a-f), respectively. Following the geometry optimiza-
tion and energy minimization, the interlayer distances
between the layers of C2N in the sandwich structures
are determined to be 3.509 Å. We can see that there is
no buckling in the structure of a few layers after opti-

mization. The inter-layer distances between the layers of
C2N are obtained range from 3.463 to 3.582 Å and the
in-plane covalent bond lengths are about 1.398 Å (C-C
atoms) and 1.408 Å (C-N atoms). These values can be
compared to those of C2N which are 1.403 and 1.404 Å,
respectively. It is interesting to investigate the effect of
layer number on the electronic properties of nL-C2N by
calculating the band structure and DOS, which are shown
in Fig. 3. Our results show that with increase of number
layer of C2N, the electronic states is modified. In particu-
lar, the band gap of C2N varies depending on the number
of layers and decreases from 1.75 eV for 1L-C2N to 0.55
eV for 6L-C2N. Due to the tunable of band gap over a
wide range, few layer C2N materials may have tremen-
dous opportunity for application in nanoscale electronic
and optoelectronic devices.

Application of an external electric field can signifi-
cantly alter the position of electronic states. Here, we
investigate the effect of an external, uniform electric field
on the electronic properties of bilayer C2N. The electronic
structure of bilayer C2N under application of a perpen-
dicular electric field, are shown in Figs. 4 (a,b). The
strength of electric field (F) is varied from -0.8 to +0.8
V/Å, and F>0 and F<0 denotes parallel and anti-parallel
to the z-axis, respectively. We can see that the band
gap decreases and a semiconductor-to-metal transition
occurs. As a result, it is possible to tune the electronic
properties and control the Fermi-level by using an elec-
tric field. We can see that, when applying an electric
field on bilayer C2N, its band gap will decrease and a
semiconductor-to-metal transition occurs. As a result, it
is possible to tune the electronic properties and control
the Fermi-level by using an electric field.
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Figure 4. Electronic structure of bilayer C2N under an electric field in the normal direction. The perpendicular electric field >0
and <0 that denotes parallel and antiparallel to the z-axis, respectively. The zero of energy is set at EF indicated by horizontal
line.

Figure 5. (a) Schematic model of strain applied on monolayer C2N along x-y axis. Electronic band structure as a function of
(b) uniaxial strain and (c) biaxial strain. The zero of energy is set at EF as shown by the dashed green-point line. (d) Energy
band gap as a function of uniaxial and biaxial strain.

In the following, we investigate the effects of uniax-
ial and biaxial strain (tensile and compression states) on
monolayer C2N. The tensile and compression strains are
defined as ε = (a − a0)/a0 × 100, where a and a0 are
the strained and non-strained lattice constants. The uni-
axial and biaxial strain is applied along a-axis (zigzag
direction) and a-b axis, respectively. Schematic view of
the atomic structure and applied strain directions and,
electronic structure of monolayer C2N under uniaxial and
biaxial strains, are shown in Figs. 5(a-c). We find that

the band gap decreases with increasing uniaxial strain
and can become metal when it exceeds -8 %. By con-
trast, in the case of biaxial tensile strain, semiconduct-
ing behavior is found for strain up to +8 %, while for
the biaxial compression, with increasing strain, the band
gap decreases. The energy band gap as a function of
uniaxial and biaxial strain are shown in Fig. 5(d). Our
result show that the band gap is increased from 0.4 eV as
biaxial tensile strain and the band gap, with increasing
biaxial compression strain becomes metal at -8 %.
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Figure 6. (a) Schematic view of geometric structures for the position of hydrogen and oxygen atoms impurities, interstitial
atoms and N-vacancies in holey site of C2N. (b) Top and prospective views of the optimized atomic structures for different
atoms. Difference charge densities are shown in the same panel. The blue and yellow regions represent the charge accumulation
and depletion, respectively. (c) Structural parameters including bond length, bond angels. The atomic structure is also given
in the same panel.

We now study the effects of defects including adatom
adsorption and nitrogen vacancies into holey site of
monolayer C2N. A 2 × 2 × 1 super-cell consisting of 72
atom, was tested as to determine whether it was suffi-
ciently large for the simulation of defects. The schematic
view of the structures, regarding position of adsorbed in-
terstitial atoms and N-vacancies in the holey site of C2N
are shown in Fig. 6(a). The optimized atomic structures
of H, O, S, F ,Cl, B, C, Si, N, and P atom impurities are
shown in Fig. 6(b). These atoms are located in the center
of the C2N nanopore and form a single or two covalent
bond between N and atom. These is a slight a local dis-
tortion in the atomic structures around the atom. The H,
O, S, and F atoms interact through sp2-hybridization and
form single covalent σ bonds with neighboring N atoms.
It can be see from Fig. 6(b) that the N atom bonded
to the impurity undergoes a notable shift towards the
adatom, thus the N-C and C-C bond lengths are elon-
gated in comparison with the N-C (1.349 Å) and C-C
(1.421 Å) bond lengths in pristine C2N. Following relax-
ation, the distance, dAN , between the adatom and its
nearest N atom, ranges from 1.038 Å (for H) to 1.462 Å
(for F), and most of them occur around 1.4 Å. The C-N-

C bond angles are in the range of 117-123◦. The varia-
tion of structural parameters including the bond lengths
and bond angles for various atoms adsorbed on C2N are
schematically shown in Fig. 6(c). In addition, B, C, Si,
N, and P adatoms, interact through sp2-hybridization
and form two covalent bonds with nearest N atoms, and
as a result, the N atoms shifts towards adatoms. In order
to better understand the bond character, the difference
charge density of Ad/C2N systems, is shown in Fig. 6(b).
Note, that there is a charge accumulation in the region
between adatom and neighboring N atom, which results
in a strong Ad-N covalent bond. The structural param-
eters including dAC , dCC , dNC , are shown in Figs. 6(c).
We can see that the dCC and dNC are elongated ∼ 1.4 Å
and dAC are very short between 1.5-2.1 Å. Incidentally,
adsorption of an O atom induces a buckling in the range
of 0.4 Å, with a covalent bond character, while there is
no such buckling for other species of atoms.

We now investigate how the electronic and magnetic
properties of C2N are modified by adsorption of the im-
purities, by calculating the band structure, DOS and
PDOS (Fig. 7(a). The energy bands closely below and
above the Fermi energy, are mainly attributable to the



7adatom states and appear as localized impurity states.
We can see that the interaction of these atoms with
C2N induces a range of electronic character, including
metal, semiconductor and spin-glass semiconductor. The
S,Cl/C2N system, becomes a metal and the O/C2N is a
direct semiconductor with a 1.2 eV band gap. Interest-
ingly, we can see that the H and F/C2N systems, are a
dilute-magnetic semiconductor with a 1.1 and 1 eV band
gap in both the ↑ and ↓ spin channels and have a 1 µB

magnetic moment. The dilute-magnetic semiconductors
could lead to many new prospects for practical applica-
tions, such as spin photo-diodes, spin detectors and elec-
tromagnetic radiation generators for over a variety range
of wavelengths based on spin photo-conductivity. These
atoms mostly provide a p-type charge carrier by moving
the EF to the VB edge. The Cl/C2N system exhibits a
ferromagnetic-metal with a magnetic moment of 1 µB.

It can be seen from the DOS and PDOS shown in Fig.
7(b) that the VBM of the Ad/C2N systems is due to the
hybridization of s and pz states of the atoms and the
pz orbitals of the nearest C or N atoms. In comparison
with C2N, the band structure is substantially changed
due to the strong disturbance of pz states caused by the
adatoms. This illustrates that the interaction between
the adatom and C2N may be determined by adatom pz-
orbital states as opposed to s-orbital states. For the
S/C2N system the main contributions of the VBM and
CBM come from S-pz and C/N-pz orbital hybridization,
whereas the S-px,y orbital does not mix with C and N
states. The C and Si/C2N systems become direct semi-
conductors with a band-gap of 0.8 and 1.1 eV, respec-
tively. The Si/C2N system shows a dilute-magnetic semi-
conductor behavior and has a 1 µB magnetic moment,
while the band gap in the ↑ and ↓ spin states is 1 eV.
The interaction of N and P atoms with C2N eliminates
the semiconducting band gap and induces metallic prop-
erties. These atoms mostly provide a p-type charge car-
rier. The ground state of C2N is nonmagnetic and the C,
Si, N and P/C2N systems exhibit a nonmagnetic ground
state, except for B in which magnetic moment is 1 µB .

Next, we study the adsorption of Li, Na, K, Be, Mg,
Ca and Al atoms on C2N. The optimized structure and
structural parameters including atomic bond length and
bond angles are shown in Fig. S1. The band structure,
DOS and PDOS of Ad/C2N systems (Ad= Li, Na, K, Be,
Mg and Ca) is shown in Fig. 8(a). We find that depend-
ing on the atomic species, the semiconducting nature of
the energy band structure of C2N is either eliminated or
preserved. Compared to the band structure of C2N, it
can be seen that the adatom energy bands are mainly
concentrated near EF . The main dispersion bands of
C2N are maintained on adsorption of these atoms, indi-
cating that the bonding is ionic nature, as consistent with
the density difference distributions. Adsorption of the Li
adatom can induces a magnetic moment of 0.43 µB in
C2N. For the other alkali metals, we find that the Na,
K, Mg and Ca adatoms systems exhibit metallic char-
acteristic, with the impurity states appearing near the
VBM and CBM edges. For the Be adatom system, it

is a direct semiconductor with a 1.1 eV band gap, with
the VBM and CBM located at the Γ point, and no sig-
nificant changes are found near the VB and CB edges.
In Fig. 8(b), the DOS and PDOS are shown for the Li,
Na, K, Be, Mg, and Ca adatom systems. Based on the
calculated DOS and PDOS, we find both the CBM and
VBM receive contributions mainly from hybridization of
the adatoms-pz and C/N-pz orbitals.

V. EFFECT OF CONCENTRATION OF H, O

ATOMS AND N-VACANCIES

In the following we systematically investigate the
structural and electronic properties of C2N with H and
O atoms impurities adsorbed for different coverages, in
the holey site of monolayer C2N. This structures induce
metallic character, which can be continuously tuned by
varying the hydrogen and oxygen coverage from 3.1 to
12.5 % (six homogeneous coverages. The planar C-N lat-
tice of adsorbed perfect monolayer C2N is constructed
of rings composed of carbon and nitrogen atoms, which
surround the large holes within the holey structure. The
planar structure can be well maintained in the presence
of defects such as the N vacancy or substitutional im-
purities, while impurity atoms, they generally are not
in the same plane as the C2N lattice. We can clearly
see that adsorption of hydrogen and oxygen impurities,
modifies the atomic structure compared to the pristine
C2N (see Figs. 9(a,b)). In addition for thw adsorption
of the H atom into holey site a planar structure with
one N atom passivated by the H atom. In the case of
1H/C2N (3.1%), the nearest N atom to H moves in the
upward direction and when the H coverage increases to
two (2.77%), the surface distortion becomes more appar-
ent and the bond length changes significantly. With fur-
ther increase of H coverage, similar behavior is observed
with a more distorted surface geometry (see Fig. 9(a)).
For impurity O atoms, we find that the optimized lat-
tice constant increases with coverage, due to the charge
transfer from C2N to the O atoms (because of the large
electro-negativity of the O atom) and the effect of the
formation of epoxy groups at the C-N and C-C bonds.
Considering the C2N with interstitial impurities, the O
impurity into holey site should result in the C-O-C bridge
bonds connecting the adjacent C atoms within the six-
member C rings. After the O atom was added into the
big hole ring, one of the edge N atoms will be saturated
by the O atom and N-O bonds will not stay in the plane
of C-N lattice. The NO-O bond length is 1.34 Å, showing
that the O atom is chemically adsorbed on C2N and the
C-C and C-N bond lengths are elongated to 1.4 Å (see
Fig. 9(b)).
The electronic band structure and corresponding DOS

of H atoms impurities in C2N, are shown in Figs.
10(a,b). Our results show that the electronic structure
of C2N is significantly affected by H and O atom adsorp-
tion and exhibit diverse electronic and magnetic prop-
erties. The 1H and 3H/C2N system, exhibit a dilute-



8magnetic semiconductor character, while the 5H/C2N
shows ferromagnetic-metal behavior and induces a 1 µB

magnetic moment. In contrast the 2H, 4H and 6H/C2N
systems are a semiconductor with band gaps of 1, 0.95
and 0.8 eV, respectively, where the VBM and CBM
are located at the Γ and K points. The 1O, 2O, and
6O/C2N systems, exhibit direct semiconductor charac-
ter with band gaps of 1.2, 1, and 1.2 eV, respectively,
while the VBM and CBM are at bothe the Γ point. We
find that the 3O and 4O/C2N systems exhibit metallic
character with no net spin. The DOS of these struc-
tures is different from that of C2N, exhibiting an impu-
rity state around EF . For the 5O/C2N structure spin-
splitting occurs in ↑ and ↓ spin channels and leads to
ferromagnetic-metallic behavior with an induced mag-
netic moment of 1 µB. It can be seen that the width
of the band gap becomes narrow and decreases with the
O/C ratio, reflecting the localization of the electronic
states; that is, decreased charge transfer between C and
N atoms in C2N with increase of epoxy groups. The
difference charge density for the H and O impurity sys-
tems is shown in Fig. S2. There is a high charge density
around the N and H atoms of C2N. The high charge den-
sity around H atoms projecting toward the C-N and N-H
bonds show a charge transfer from the N to H atom. In
this way the C-N and N-H bonds achieve a covalent-like
bonding. Recently, many methods, including defect en-
gineering, were used to change the electronic properties
of the 2D materials.90? ? ,91 Here, we also investigate the
effects of different N-vacancies at the holey site of C2N
nanosheet. The optimized structures of the different con-
centration of N vacancies are shown in Figs. 11(a-f). We
found that with the different N vacancies atomic recon-
structions in the C2N nanosheet occur. It is relevant to
note that in a previous study, authors concluded that the
pristine and defective C2N nanosheet are thermally sta-
ble even at high temperatures.50 The above-mentioned
reconstructed geometries and redistributed electrons of
C2N may lead to unique characteristics of these defec-
tive C2N. The formation energies of defective C2N were
also calculated to evaluate the relative stability and ex-
perimental feasibility of them. The band structure and
DOS of C2N the with different N-vacancy concentra-
tions are shown in Figs. 11(a-f). The electronic prop-
erties strongly depend on the N-vacancy configuration.
In particular, the 3N- and 5N-vacancy structures ex-
hibit a metallic character, while the 1N-, 2N-, 4N-, and
6N-vacancy structures become direct semiconductor with
band gaps of 1.1, 1.3, 1.2 and 1 eV, respectively.

VI. EFFECTS OF ATOM SUBSTITUTION

Due to the two-dimensionality of C2N, the substitution
of foreign atoms will affect the structural, electronic, and
magnetic properties of pristine C2N. We theoretically in-
vestigate the electronic structure of foreign atoms sub-
stituted in the lattice, namely H, O, S, F, Cl, B, C, Si,
and P atoms with the N atom of monolayer C2N. The

optimized structures are shown in Fig. 12(a). We denote
the substitution of atoms on the N site of C2N by SbN -
C2N. For example, when a H atom is substituted for a N
atom of C2N, it is labeled as HN−C3N . The variation of
structural parameters, including lattice constant, atomic
bond length and bond angles for the different species of
atoms substituted on the N site are shown in Fig. 12(b).
The schematic view of the substitution site is indicated
in the same panel. The foreign atoms interact through
sp2-hybridization and form two σ bonds with neighbor-
ing C atoms of C2N. The bond lengths of the foreign
atoms range from 1.34 to 1.54 Å, while the C-Sb-C bond
angles are in the range of 119-135◦. For foreign atoms
with atomic radii larger than that of the N atom, such
as S, F, Si and Cl, there is an expansion of lattice con-
stant. The corresponding electronic band structures of
C2N are shown in Fig. 13. The blue and red-dashed
lines represent ↑ and ↓ spin states, respectively. The en-
ergy bands around the EF are mainly attributable to the
foreign atom orbital states and appear as localized impu-
rity states. We find that the interaction of foreign atoms
with C2N can induce metallic and semiconducting prop-
erties. Both ON and SN systems, yield metallic behav-
ior and no spin polarization. For the HN , FN , ClN , BN

and PN systems, a semiconductor character is observed
with direct band gaps of 1.6, 1.8, 1.6, 1.4, and 1.7 eV,
respectively, where the VBM and CBM are located at
the Γ point. The substitution of B and P atoms, trans-
formed the system into a p-type semiconductor due to
the tendency of these atoms to gain electrons, resulting
in a down shift of the Fermi level inside the VBM edge
thus exhibiting hole doping properties. The substitution
of F and Cl systems have impurity states near the CBM
edge, whereas no significant change is observed near the
VBM edge. This suggests that FN and ClN behaves as
a donor atoms. Interestingly, the CN and SiN struc-
tures exhibit a dilute-magnetic semiconductor character,
with band gaps of 1.7 and 1.1 eV, respectively. The VBM
and CBM of C2N are influenced, leading to spin-splitting
between the ↑ and ↓ spin channels. Because of the un-
paired electron, the F atom attains a magnetic moment
of 1µB in the ground state. From the PDOS in Fig. 13,
we can see that the substitution of these atoms leads to
more strongly delocalized VBM and CBM than pristine
C2N. The substituted structures also give rise to localized
states in the fundamental band gap or resonance states in
the VB and CBM of C2N. From Fig. 13(a), it can also be
seen for ON and SN that the electronic states near the
Fermi energy, EF , are mainly governed by the C/N-pz
with O and S-pz orbital states. For the CN and SiN sys-
tems, there is obviously asymmetry spin splitting around
EF in the ↑ and ↓ spin channels, in result spin-polarized
semiconductors (dilute-magnetic semiconductors) with a
narrow, indirect band gap and the inducing of a mag-
netic moment in C2N. For the system with CN , the cor-
responding PDOS further reveal that these asymmetric
impurity states in the band gap mainly come from the
hybridization of C-s with C-px,y and N-s orbital states
in the ↑ spin channel inducing a magnetic moment of 1



9µB. However for the SiN structure, the hybridization is
slightly different. For the SiN atom the Si-pz and C/N-pz
orbital states and the CBM contribution come from Si-s
with C-px,y orbitals in the ↓ spin channel. The VBM of
the PN structure is attributed to the hybridization of P-s
and P-px,y with C/N-px,y orbitals states, and the CBM
is due to the hybridization of P-pz with C/N-px,y states.

VII. MECHANICAL PROPERTIES

Finally, we study the mechanical stability of monolayer
C2N under strain. We use a rectangular 2 × 2 supercell
and consider uniaxial strain along the zigzag direction of
+10% to +30%. From Fig. 14, clearly, we see that C2N
can retain a stable structure under uniaxial strain with
the value 10%, and its structure is completely deformed
at 30%. Since the C-N bonds are stronger than the C-C
bonds, first the C-C bonds are broken. These mechanical
properties show that the C2N is highly mechanically sta-
ble and the high stability originates from strong bonding
between C-C and C-N atoms.

VIII. CONCLUSION

In summary, based on first-principles calculations, we
explored the structural, electronic, and optical properties
of the C2N nanosheet, which has been recently synthe-
sized. We firstly investigated the electronic properties
of few-layer C2N with different layer and we found the
band gap decreases with increase in layer number. In
addition, with applying an uniform electric field on the
bilayer C2N, the band gap decrease and a semiconductor-

to-metal transition occurs. The results also show that the
band gap, with applied strain on monolayer C2N, can be
considerably modified. These findings suggest is possible
to tune the electronic properties of the C2N nanosheet by
controlling the layer thicknesses, electric field and strain.
We furthermore systematically investigated the effect of
atom adsorption and substitution of H, O, S, F, Cl, B,
C, N, Si, P, Li, Na, K, Be, Mg and Ca on C2N. This
leads to considerable modifications in electronic struc-
ture and the band gap of C2N can be either reduced
or diminished and the system becoming a metal, half-
metal, dilute-magnetic semiconductor, or semiconductor
depending on the species of adatom. Moreover, the elec-
tronic and magnetic properties are significantly affected
by the concentration of hydrogen and oxygen impurities
and the formation of N vacancies in the holey site of
monolayer C2N, exhibit diverse electronic character from
metal to semiconductor and inducing magnetism in some
of the configurations. Our findings provide a detailed un-
derstanding of the electronic structure of C2N and how
it is modified by external field (electric, strain) and by
functionalization by doping and defects. This knowledge
should be very useful for studies seeking to use and tailor
this new material for applications in future nano devices.
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Figure 7. (a) Electronic band structure and (b) DOS and PDOS of different atoms adsorbed in the holey site of C2N. The
zero of energy is set at EF as shown by the dashed green-point line. (c) The difference spin density distribution. The blue and
yellow colors show the ↑ and ↓ spin states, respectively.
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Figure 8. (a) Electronic band structure and (b) DOS and PDOS of different atoms adsorbed in the holey site of C2N. The zero
of energy is set at EF as shown by the dashed green-point line.

Figure 9. Optimized atomic structures of different number of impurities of (a) hydrogen and (b) oxygen atoms in the holey
site of monolayer C2N.
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Figure 10. Electronic band structure and DOS of different number of impurities of (a) hydrogen and (b) oxygen atoms in the
holey site of monolayer C2N. The zero of energy is set at EF shown by the dashed green-point line. (c) The difference spin
density distribution. The blue and yellow colors show the ↑ and ↓ spin states.
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Figure 11. Optimized structures of different number of nitrogen vacancies in the holey site of C2N. (a) 1N-, (b) 2N-, (c) 3N-,
(d) 4N-, (e) 5N-, (f) 6N-vacancies. The difference charge density is shown in the same panel. Blue and yellow regions represent
charge accumulation and depletion, respectively. The zero of energy is set at EF and shown by the dashed green-point line.
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Figure 12. (a) Optimized atomic structures of H, O, S, F, Cl, B, C, Si and P atoms substituted on the N atom site of
C2N. (b) Structural parameters including lattice constant, atomic bond length and bond angles for different species of atoms.
Schematic model view of the substitution site is indicated in the same panel. (c) Electronic band structure. VBM and CBM
charge densities are indicated in the same panel. Blue and yellow regions represent the charge accumulation and depletion,
respectively. The zero of energy is set at EF as shown by the dashed green-point line.

Figure 13. (a) DOS and PDOS of H, O, S, F, Cl, B, C, Si and P atoms substituted with N atom site on monolayer C2N. (b)
Difference spin density is shown in the inset. The blue and yellow regions represent the ↑ and ↓ spin states, respectively. The
zero of energy is set at EF as shown by the dashed green-point line.
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Figure 14. Optimized structures corresponding to the geo-
metrical parameters of C2N upon the uniaxial tensile strains
(along zigzag direction) 10%-30%.
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