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Motivated by a recent experiment that reported the synthesis of a new 2D material nitrogenated
holey graphene (C2N) [Mahmood et al., Nat. Comm., 2015, 6, 6486], electronic, magnetic, and
mechanical properties of nitrogenated (C2N), phosphorated (C2P) and arsenicated (CzAs) mono-
layer holey graphene structures are investigated using first-principles calculations. Our total energy
calculations indicate that, similar to the CoN monolayer, the formation of the other two holey
structures are also energetically feasible. Calculated cohesive energies for each monolayer show a
decreasing trend going from C2N to C2As structure. Remarkably, all the holey monolayers are di-
rect band gap semiconductors. Regarding the mechanical properties (in-plane stiffness and Poisson
ratio), we find that CoN has the highest in-plane stiffness and the largest Poisson ratio among the
three monolayers. In addition, our calculations reveal that for the CaN, C2P and CzAs monolayers,
creation of N and P defects changes the semiconducting behavior to a metallic ground state while
the inclusion of double H impurities in all holey structures results in magnetic ground states. As
an alternative to the experimentally synthesized CoN, C2P and C2As are mechanically stable and

flexible semiconductors which are important for potential applications in optoelectronics.

PACS numbers:
I. INTRODUCTION

In the last decade, graphene, one atom thick form of
carbon atoms arranged in a honeycomb structure, has
become important in materials science due to its ex-
ceptional properties2 It has triggered interest in novel
two dimensional structures such as hexagonal monolayer
crystals of III-V binary compounds®? and transition
metal dichalcogenides (TMDs).2:3:6 Hexagonal mono-
layer structures of BN and AIN? 12 are wide band gap
semiconductors with nonmagnetic ground states. How-
ever, monolayer crystals of TMDs such as MoS,, WSs,
MoSes, WSez, MoTes have direct band gaps in a favor-
able range of 1-2 eV, and they are potentially important
for optoelectronic device technology.

The lack of a band gap is the major obstacle for the use
of graphene in electronic applications such as field-effect
transistors, 24 and electrodes in solar cells.%16 Thus, tun-
ing its electrical properties through opening of a band gap
is of great technological importance 141718 Nitrogen dop-
ing has been widely studied as one of the most feasible
methods to modulate the electronic and other properties
of graphene and its derivatives.t2 24

A series of covalent organic frame-works (COFs)25 22
have been designed to form large graphene-like honey-
comb networks. In 2005, Yaghi et al. demonstrated the
utility of the topological design principle in the synthe-
sis of porous organic frameworks which are connected
with covalent bonds, which are the first successful ex-
amples of these COFs.2? Since COFs are composed of
light-weight elements linked by strong covalent bonds,
they have low mass densities and possess high thermal
stability. The successful realization of COFs with molec-
ular graphene-type building blocks would provide cova-

lent frameworks that could be functionalized into light-
weight materials optimized for gas storage, photonic, and
catalytic applications. 3132

N-doped graphene-like honeycomb structures are im-
portant examples of COF materials. In a recent study
by Mahmood et al32 the design and preparation of a
two dimensional holey crystal, CoN, with uniform holes
and nitrogen atoms was reported. The structure and
band gap of C3N were studied by using both experimen-
tal techniques and DFT-based calculations. This new
structure is layered like graphite with a different inter-
layer distance and is highly crystalline. It exhibits a di-
rect band gap which was determined as 1.96 eV by using
ultraviolet visible spectroscopy, while a slightly smaller
band gap of 1.70 eV is obtained from density functional
theory (DFT) calculations. In another study, Sahin in-
vestigated the structural and phononic characteristics of
the CoN structure.2? The formation of heterostructures
of holey graphenes and the resulting Moiré patterns were
investigated by Kang et al.22 Very recently Zhang et al.
investigated the structural and electronic properties of
few-layer CoN by considering different stacking orders
and number of layers.2® In the study by Xu et al. en-
ergy barriers for the adsorption of Hy, COs and CO
molecules on CoN monolayer were calculated for a possi-
ble Hy dissociation.3”

Motivated by the recent experiment on synthesis of
CyN monolayer2? and by the studies on graphene-like
networks composed of COF's, we investigate the struc-
tural, electronic and mechanical properties of 2D holey
crystals of CoX (X=N, P or As) stoichiometry. The me-
chanical properties of these hexagonal structures are ex-
amined under uniaxial strain, and the in-plane stiffness
and the Poisson ratio values are obtained. In addition,
the most probable types of atomic scale disorder, forma-
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tion of N, P and As defects, are investigated for these
holey structures.

The paper is organized as follows: Details of the com-
putational methodology are given in Sec. [l Structural
properties of CoN, CoP and CyAs are presented in Sec.
[IIl Discussions about electronic and magnetic properties
of these monolayer crystals are given in Sec. [Vl In Sec.
[Vl the mechanical properties are discussed by examining
the in-plane stiffness and the Poisson ratio for each struc-
ture. Electronic and geometric properties of defect and
H-impurities in C2X monolayers are discussed in Sec. [Vl
Finally we conclude in Sec. [VIII

FIG. 1: Top view of C2X holey graphene monolayer structure
where X represents N, P or As atoms.

II. COMPUTATIONAL METHODOLOGY

First-principles calculations were performed within
the framework of density functional theory (DFT)
by using the Vienna Ab initio Simulation Package
(VASP)38 4l The approach is based on an iterative
solution of the Kohn-Sham equations*? with a plane-
wave set adopted with the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional of the general-
ized gradient approximation (GGA)#3:44 with the inclu-
sion of spin-orbit-coupling (SOC). More accurate results,
electronic structure calculations were performed using
the Heyd-Scuseria-Ernzerhof (HSE) screened-nonlocal-
exchange functional of the generalized Kohn-Sham
scheme.4® Analysis of the charge transfers in the struc-
tures was made by the Bader technique.26

Electronic and geometric relaxations of hexagonal
monolayers of CoX structures were performed by con-
sidering the following criteria in our calculations. The
energy cut-off value for the plane wave basis set was
taken to be 500 eV. The energy difference between se-
quential steps for the electronic self consistence-loop was
considered to be 107° eV. As a convergence criterion in
the structural relaxation and for the Hellmann-Feynman
forces on each atom was taken to be 0.05 eV/A. For ge-
ometric relaxation of the structures a parallelogram unit

cell containing 12 C atoms and 6 X atoms was used (see
Fig. ). The minimum energy was obtained by varying
the lattice constant and the pressure was reduced below
1 kbar. Brillouin zone integration was performed by us-
ing a set of 5 x 5 x 1 I'-centered k-point sampling mesh
for a single unit cell. To get more accurate results for
the density of states (DOS) and the work function cal-
culations a set of 15 x 15 x 1 k-point sampling was used.
The broadening for DOS calculations was taken to be
0.05. The cohesive energy per atom in a primitive unit
cell was calculated using the formula;

FEeon = [12EC + 6Fkx — Eczx]/18 (1)

where Ec and Fx denote the magnetic ground state ener-
gies of the single C and X atoms, respectively while Fc,x
denotes the total energy of the monolayer C,X. Calcula-
tions on elastic constants were performed by considering
a 2 x 2 supercell containing 72 atoms.

III. STRUCTURAL PROPERTIES

Generic forms of the monolayer structures, CoN, CoP
and CyAs, display honeycomb symmetry as shown in Fig.
[0 All calculated parameters for their relaxed geometries
are listed in Table [l In the primitive unit cell there are
12 C atoms and 6 X atoms, X being N, P or As. The
CsN crystal has a planar two dimensional structure with
a lattice constant of 8.33 A which is consistent with the
value reported by Mahmood et al3® The calculated C-
C bond length is 1.47 A while the C-N bonds are 1.34
A with the C-N-C bond angle being 118 degrees. This
bond angle is the largest one of all three structures. This
means that the hole between the benzene rings is nearly
a perfect hexagon in CoN. Bader charge analysis shows
that an average 0.6 e of charge depletion per atom occurs
from C atoms to the neighboring N atoms. The cohesive
energy per atom is highest for the CoN structure with a
value of 7.64 eV, as calculated using Eq. ().

Optimized lattice constant of the CoP monolayer crys-
tal is calculated to be 9.33 A. The C-C bond length is
1.42 A as in graphene hexagons and the C-P bond length
is 1.76 A . The C-P-C bonds have a narrower angle than
that of the C-N-C bonds with a value of 108 degrees. Ac-
cording the Bader charge analysis, opposite to the CoN
case an average of 0.6 e charge is transfered to each C
atom from the P atoms. The cohesive energy per atom,
6.84, eV is less than that of C3N.

For the C2As monolayer structure the lattice constant
is 9.72 A with a corresponding C-C bond length of 1.41
A which is nearly the same as the C-C bond in CoP. The
longest bond length between a C atom and its X neighbor
is found for the C-As bond with a value of 1.92 A. The
angle between two C-As bonds, 108 degrees, is smaller
than that of the C-N bonds. We found that the charge
transfer occurs in this structure from As atoms to each
C atom with a value of 0.3 e. The charge transfer occurs
from P and As atoms to the C rings for CoP and CsAs,



TABLE I: The calculated ground state properties of C2X-structures, structural geometry, lattice parameters of primitive unit
cell, a (see Fig. [l); the distance between C-X atoms, dc—x; the distance between two carbon atoms, dc—c; angle for C-X-C
bond, 0cxc; magnetic state; the average charge donated to (+) of from (—) each C atom, Ap; the cohesive energy per atom in
primitive unitcell, E.on; the energy band gap of the structure calculated within, GGA with the inclusion of SOC, EgG G4 and

HSEO06, EfSE; workfunction, ®; Poisson’s ratio, v; and in-plane stiffness C. Calculated parameters for graphene and h-BN are
given for comparison.
a do_x dc—c Ocxc Magnetic Ap FEeon EgGGA Eé{SE 0] v C
(A) (&) (A) (deg) State  (e) (V) (eV)  (eV) (V) (ev/A2)
CoN 8.33 1.34 1.47 118 NM —0.6 7.64 1.66(d) 2.47(d) 5.23 0.26 9.27
C2P 9.33 1.76 1.42 108 NM +0.6 6.84 0.22(1) 0.94(d) 4.90 0.21 6.69
CaAs 9.72 1.92 1.41 108 AFM  +0.3 5.78 0.43(d) 1.16(d) 4.89 0.21 5.83
Graphene 2.46 - 142 120 NM 00 797 - - 4.51 0.16*7 21.257
h-BN 2,51 145 (B-N) - 120 NM  42.1 7.10 4.48(d) 5.56(d)*® 5.80 0.22 17.12

respectively. However, it occurs from C rings to the N
atoms in CoN.

—

IV. ELECTRONIC AND MAGNETIC
PROPERTIES
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The calculated lattice constant and electronic band
gap of CoN are in agreement with the values reported
by Mahmood et. al22 CoN monolayer has a direct band
gap of 1.66 eV and 2.47 eV in GGA and HSEQ6 levels,
respectively as seen in Fig. [Ja). The overall dispersion
characteristic of the bands are not affected by the in-
clusion of HSE06. The valence band maximum (VBM)
and conduction band minimum (CBM) of the C2N mono-
layer lies at the I' point of the Brillouin zone. Relatively
large value of the CaN energy band gap makes it a suit-
able semiconductor for various device applications. It
also appears from the energy band structure that spin
up and spin down states are degenerate throughout the
Brillouin Zone and therefore the structure does not ex-
hibit any spin polarization in its ground state. Due to
the pairing of p, electrons of 3-coordinated C atoms and
2-coordinated N atoms, the structure has a nonmagnetic
ground state.

The electronic band dispersion for the CoP monolayer
crystal indicates that it has an indirect band gap of 0.22
eV and a direct gap of 0.94 eV in GGA and HSE(6 lev-
els, respectively. Since the VBM of CoP monolayer con-
sists of localized states, these states are affected by the
HSEO06 functional and the VBM point of the band struc-
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N ture moves to the I' point as shown in Fig. 2(b). Like
T M K T Partial-DOS the C3N monolayer, CoP has also a nonmagnetic ground
state.
FIG. 2: Band-structures (left-panel) and corresponding par- In Table I, the workfunctions of the monolayer holey

tial density of states (right-panel) of (a) CoN (b) C2P, and graphenes are also shown. It is seen that the workfunc-
(c) C2As where red curves are for bands calculated within tion values of these compounds are smaller than that of
GGA approximation while dashed blue curves are for bands the h-BN and larger than the value for graphene. Com-
calculated within HSEO6 on top of GGA. The Fermi energy  paring the workfunction values of the monolayers a de-
(Er) level is set to the valence band maximum. creasing trend can be seen from nitrogenated one to the

arsenicated one. This result can be explained by the de-

creasing ionization energy of the elements in the periodic



table from top to bottom rows.

FIG. 3: (Color online) Charge density difference, pup-pdown,
of C2As monolayer structure for (a) fully anti-ferromagnetic
(AFM-1) order and (b) anti-ferromagnetic order in the ben-
zene ring (AFM-2) where green/yellow color is for minor-
ity /majority spin states. The plotted isosurface values are
1073 e/A3 and 107° ¢/A3 for (a) and (b) respectively.

The C2As monolayer crystal is a semiconductor with
a direct band gap of 0.43 eV and 1.16 eV in GGA and
HSEQG6 levels, respectively. Similiar to the case of CoN,
the inclusion of HSEO6 functional increases the energy
gap and does not change the dispersion characteristic of
the band structure (see Fig. 2(c)). Both the VBM and
the CBM of C3As lie between the I' and the M points.
Interestingly, there is an isolated Dirac point in the con-
duction band of CoAs which can be populated using dop-
ing or a gate potential. The net magnetic moment for
this structure is zero like for the other two monolayers.
But the ground state is obtained for anti-ferromagnetic
(AFM-1) ordering given in Fig. [Bl(a) in which all the
neighboring C and As atoms have equal but opposite lo-
cal magnetic moments in their sublattices. In the AFM-2
magnetic ordering, the C atoms in a ring, have opposite
magnetic moments while the As atoms have ferromag-
netically ordered moments as seen in Fig. B(b). The
net magnetic moments of the two configurations, AFM-
1 and AFM-2, are zero with an energy difference of 50
meV, AFM-1 being the ground state.

V. MECHANICAL PROPERTIES

The elastic properties of homogeneous and isotropic
materials can be represented by two independent con-
stants, the in-plane stiffness C' and the Poisson ratio v.
The stiffness parameter is a measure of the rigidity or
the flexibility of a material. The mechanical response of

a material to an applied stress is called the Poisson ratio.
It is also defined as the ratio of the transverse contraction
strain to the longitudinal extension strain in the direction
of the stretching force, that is v=—¢trans/Eaziai-

To calculate the elastic constants of CoN, CoP and
C2As monolayers, a 2 x 2 supercell containing 72 atoms
is considered. The strains €, and €, are applied to the
monolayer crystals by varying the lattice constants along
the x and y directions. The strain parameters ¢, and ¢,
are varied between £0.02 with a step size of 0.01. For
this purpose three different sets of data are calculated; (i)
g,=0 and &, varying, (ii) ¢,=0 and ¢, varying and (iii)
eg=¢€y. At each configuration, the atomic positions are
fully relaxed and the strain energy, Eg, is calculated by
subtracting the total energy of the strained system from
the equilibrium total energy. The calculated data is fitted
to the equation Eg = cie,2 + 02ay2 + c3e4€y, SO that the
coefficients ¢; are determined. The in-plane stiffness C
can then be calculated from C = (1/Ag)(2¢ — c3%/2c)
where we let c;=co=c due to isotropy of the unit cell
and Ag is the unstretched area of the 2 x 2 supercell.
The Poisson ratio is obtained as v = ¢3/2¢. Due to the
symmetry of the honeycomb lattice, the in-plane stiffness
and the Poisson ratio are the same along the x and y
directions.

As indicated in Table[l] the calculated in-plane stiffness
for C3N is 9.27eV/ A2 which has the highest value among
the three monolayer structures. This value indicates a
strong bonding between the C and N atoms. Although
it is the highest value, it is still smaller compared to that
of graphene and h-BN.” The calculated Poisson ratio for
the CoN monolayer is 0.26 which is in the range for usual
two dimensional materials. This means that when the
material is compressed in one direction, it will expand in
the other direction as well. The in-plane stiffness value is
for CoP is calculated (6.69 eV/A?) with a corresponding
Poisson ratio of 0.21, which means that the CoP crys-
tal is less responsive than C3;N under compression. The
lowest in-plane stiffness for the CoAs monolayer is 5.83
eV /A? with the corresponding Poisson ratio of 0.21 which
is equal to that of the CoP crystal. All the holey mono-
layers have Poisson ratios which are larger than that of
graphene and close to that of h-BN.

We next consider the behavior of the monolayer struc-
tures under higher values of uniform strain ranging from
0.04 to 0.40. For this purpose the calculations are per-
formed in a 2 x 2 supercell. The change of strain energy of
all the monolayers under applied biaxial strain is given in
Fig. @(a). Although C3N is the stiffest crystal, structural
deformations start to form beyond 12% strain which is
small compared to those of CoP and CoAs. By struc-
tural deformation we mean that the N atoms connecting
the C pairs start to form C4Njy isolated hexagonal rings.
The distance between two neighboring C atoms in differ-
ent hexagonal rings become 1.79 A at 12% strain. This
distance increases up to 3.10 A at 40% strain. The defor-
mation path seems to be the same for the CoP monolayer
structure. Up to a strain value of 20%, P atoms are still
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FIG. 4: (a) Change of total energy of the three holey graphene monolayers under applied strain. Structural changes under

applied strain of (b) C2N, (¢) C2P and (d) C2As.

bonded to the hexagonal C rings and there is no drastic
change in the structure of the monolayer. However be-
yond 20% strain hexagonal rings are formed composed of
4-C and 2-P atoms as in the case of CoN. The C-C bond
lengths in C pairs are approximately 1.30 A at 20%
strain and there exist C-C pairs connected by P atoms
as shown in Fig. E{c). Among the monolayer structures
considered, only in the CyAs crystal the hexagonal C
rings preserve their form under large strains. The bond
angle of C-As-C bond gets larger as the applied strain is
increased. As given in Fig. Hl(d), at 24% strain this an-
gle becomes 158 degrees and there is no longer bonding
between the C and As atoms. Compared with the other
two structures, CyAs has the smallest in-plane stiffness
value and it is the softest material among the three mono-
layers. The CoX monolayer structures can be viewed as
an ordered phase of 6-C rings linked by the X atoms.
It seems that the linker atoms N and P have stronger
bonds to their C neighbors so that the structure dissoci-
ates into isolated rings by breaking the C-C bonds under
high strain. For As, however, the C-C bonds must be
stronger than the C-As bonds so that the crystal yields
at the linker sites.

VI. EFFECT OF DEFECTS

Considering the synthesis procedure of the mentioned
holey crystals in which the ingradient molecules are self-
assembled, the atomic scale disorders like vacant N, P
and As sites are the most probable disorders in CyN,
CoP and CsAs monolayers, respectively. The existence of
H-impurities at these vacant-sites are also possible since

X-vacancy

1H-impurity 2H-impurity

FIG. 5: (Color online) Optimized X-vacancy and their H sub-
stituted structures of (a) C2N, (b) C2P, (¢) C2As respectively.

the CaN holey structure is synthesized as a result of the
interactions of hexaaminobenzene and hexaketocyclohex-
ane molecules which contain H atoms in their composi-
tion. In this section, we investigate the effects of these
vacant sites and substitutional H-impurities on the ge-
ometric and the electronic properties of the monolayer



holey structures.

Optimized geometries of the defected structures are
shown in Fig. Bl For the N-defected CoN and P-defected
CyP holey crystals (Figs. Bl(a) and (b)), removal of a sin-
gle N or P atom results in a bond formation between the
two C atoms at the vacant site. However, in the case of
As-defected CoAs the optimized geometric structure does
not lead to an additional bonding (see Fig. Bl¢)). Geom-
etry optimizations indicate that for X-vacant structures
only the CoN retainsits planar geometry while the other
two structures get buckled. Our Bader analysis shows
that charge depletion of 1.1 e per atom occurs from the
C atoms to the neighboring N atoms in N-defected C;N.
For P-defected CoP, an average of 0.6 e charge is trans-
ferred to each C atom except for the two C atoms at
the vacant sites since these C atoms keep approximately
their initial charges. For As-defected CyAs the charge is
depleted to the C atoms with a value of 0.3 e per atom
on the average. We found that the N-defected C2N has a
nonmagnetic ground state while P-defected CoP and As-
defected CoAs have magnetic ground states with a net
moment of 1 pup. Total DOS calculations indicate that
X-missing structures of CaN and CoP become metallic
monolayers while the As-defected CoAs is still a semicon-
ductor with a lower band gap energy than its perfect form
(see Fig. [Bl(c)). Calculated cohesive energies per atom in
the supercells demonstrate that for all three structures
the highest E.on occur for X-missing structures of CoN
and CoP while for the CoAs monolayer most energetic
case is 1H-impurity case as seen in Table [Il

TABLE II: The calculated ground state properties of defected
CoX-structures, structural geometry, lattice parameters of
2 x 2 supercell, a and b, the net magnetic moment of the
structure, p, and the cohesive energy per atom in supercell
Ecoh-

Geometry a b 1 Feon
(A) (A (us) (eV)

N-vacant-C2N  planar 16.44 16.44 0 6.77
P-vacant-CoP  buckled 17.66 17.67 1 6.02
As-vacant-C2As  buckled 19.27 19.27 1 5.61
1H-imp.-CoN  planar 16.63 16.63 0 6.71
1H-imp.-C2P  buckled 18.37 18.15 0 5.97
1H-imp.-C2As buckled 18.37 19.04 0 5.65
2H-imp.-C2N  planar 16.79 16.79 1 6.67
2H-imp.-C2P  planar 18.71 1871 1 5.93
2H-imp.-C2As planar 19.46 19.45 1 5.58

As seen in Fig. Bl(a), the CaN structure having a single
H substitution at the N-vacant site preserves the geom-
etry of CoN monolayer. The geometries of other two
monolayers with 1H-impurity get buckled as seen in Fig.
The result of the Bader analysis for all three mono-
layers for 1H-impurity case show that 0.1 e of charge
is transferred to the C atom at the vacant site from H
atoms. The inclusion of single H-impurity gives rise to

a non-magnetic ground state for all CoX monolayers as
in their bare cases. For 1H-impurity structures the to-
tal DOS calculations indicate that all three monolayers
preserve their semiconducting character but with lower
values of band gap energies (see Fig. [0]).

In our study, inclusion of 2H-impurities at the X-
vacant sites is also considered. In all three defected struc-
tures each H atom binds to a single C atom as expected
(see Fig. [E). Addition of the second H atom to the
vacancy sites restores the planar geometry of all three
monolayers. In this case, the charge is donated to each
C atom at the vacant site from the H atoms such that
the final charges on C atoms are the same as their values
in the perfect crystals. 2H impurities result in a mag-
netic ground state for all three monolayers with a 1 ugp
of net magnetic moment. The total DOS calculations
demonstrate that inclusion 2H-impurities in CoX struc-
tures preserves the semiconducting behaviors of the three
monolayers with lower band gap energies (see Fig. [G]).
The corresponding cohesive energies per atom are also
given in Table [[ll which indicate that the CoN monolayer
has the highest F.on than that of CoP and CoAs mono-
layers.

X-vacancy 2H-impurity

1H-impurity

-1 0 1 -1 0 1
Energy (eV)

FIG. 6: (Color online) Total DOS for defected and H-impurity
structures of (a) C2N, (b) C2P, and (c) C2As respectively.

VII. CONCLUSIONS

Motivated by recent experiments on the CoN mono-
layer and graphene-like COF networks, we investigated
structural, mechanical and electronic properties of two
other monolayer structures, CoP and CyAs. We found
that CoN has the highest E.o;, among the three mono-
layers and the calculated values of E.o, are comparable
with that of graphene and h-BN. Moreover, it is calcu-
lated that, the workfunction values of the monolayers are
decreasing from C3N to CoAs which is consistent with the
trend in ionization energy of each element. Energy-band



structure calculations show that the holey monolayers
are direct band gap semiconductors. Our calculations
on mechanical constants suggest that the stiffest mate-
rial is the CoN structure with the highest Poisson ratio
among the three monolayers. Moreover, the vacancy de-
fects of N and P atoms in holey structures lead to metal-
lic ground states while the substitutional H-impurities do
not change their semiconducting character but can create
net magnetization on the monolayer. Finally, we point
out that holey graphene monolayers are new two dimen-
sional materials that are mechanically stable and they
are flexible semiconductors which may be favorable for

applications in optoelectronics.
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