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In this study, the structural, electronic and optical properties of theoretically predicted CgN
monolayer structure are investigated by means of Density Functional Theory-based First-Principles
Calculations. Phonon band dispersion calculations and molecular dynamics simulations reveal the
dynamical and thermal stability of the CgN single-layer structure. We found out that the CgN
monolayer has large negative in-plane Poisson’s ratios along both X and Y direction and the both
values are almost four times that of the famous-pentagraphene. The electronic structure shows
that CsN monolayer is a semi-metal and has a Dirac-point in the BZ. The optical analysis using
the RPA method constructed over HSEOQ6 illustrates that the first peak of absorption coefficient
of the CsN monolayer along all polarizations is located in the IR range of spectrum, while the
second absorption peak occurs in the visible range, which suggests its potential applications in
optical and electronic devices. Interestingly, optically anisotropic character of this system is highly
desirable for the design of polarization-sensitive photodetectors. Thermoelectric properties such
as Seebeck coefficient, electrical conductivity, electronic thermal conductivity and power factor are
investigated as a function of carrier doping at temperatures 300 K, 400 K, and 500 K. In general, we
predict that the CsN monolayer could be a new platform for study of novel physical properties in
two-dimensional semi-metal materials, which may provide new opportunities to realize high-speed

low-dissipation devices.

I. INTRODUCTION

The discovery of the first atomically thin two-
dimensional (2D) material-Graphene [1]- with magnifi-
cent properties, which have never been observed before,
has triggered tremendous pure scientific and technologi-
cal interest. A huge number of researchers has devoted
enormous efforts in exploration of the monolayer car-
bon and in development of novel 2D materials beyond
Graphene. To illustrate, the most noticeable properties
are ambipolar electric field-effect [2], large surface area,
the top-notch flexibility [3, 4], ascending thermal (5x103
W/mk) [5] and electrical conductivity [6], marvelously
fracture strength (130 GPa) [2, 7, 8], very high opti-
cal transmittance (97.7%) [9], excellent electron mobility
(2x10% em?v—1s~1) [10, 11], ultrahigh Young’s modulus
(1.1 TPa) [12], and the exotic quantum Hall effect at
room temperature [13, 14]. Notwithstanding these ide-
alistic properties, there are two drawbacks restricting its
applications: (i) mechanical instability - the propency
to collaps and to form crispiness and (ii) electrical - the
zero energy band-gap. [15, 16]. Complementary to this,
materials with comparatively poor carrier mobility can-
not be employed in the applications used in the high-
performance electronics [17, 18]. These obstacles encour-

aged researchers, to devote their research efforts to de-
velopment of 2D materials with unique properties; by
peeling of bulk materials or chemical vapor deposition
[19, 20]. Indeed, many researchers have been undertaken
to look for ways to open the energy gap of graphene by
defects [21, 22], strain [23-27], and doping [28]. Another
group of researchers have tried to find alternative 2D ma-
terials beyond graphene. Nowadays, a new technology
has emerged and a considerable amount of technologi-
cal work has been made to develop and manufacture 2D
carbon-based semiconductor materials. Strictly speak-
ing, by making a 2D lattice crafted of certain ratios of
nitrogen (N) and carbon (C) elements. However, in ad-
dition to being a neighbor to C in the periodic table,
N tends to be an appropriate companion and partner,
to build another significant collection of 2D materials,
known as carbon nitride monolayers.

To date, researchers have explored many kinds of
carbon nitride nanosheets encompassing CN [29], CNy
[30],CaN [31, 32], CsN, C4N3 [33-35], triazine C3N3 [36],
C3N5 [37, 38], C3Ng [39], C3Ny [40, 41], C7Ng [42],
C7N6 [43]7 C(;Ng [447 45}7 CGN6 [467 47], CgN4 [48], and
CyN [49]. Equally important, some of these carbon ni-
tride nanosheets have recently been successfully synthe-
sized, among them are CN, C3N, C3N, C3Ny, CgNg, and



CgNg monolayers [50-57]. The aforementioned studies
have manifested that 2D carbon nitride allotropes possess
disaccorded optical, electronic, thermal, and mechanical
properties based on both the strength of the covalent
bond and the contribution of carbon and nitrogen atoms
(C/N ratios) to the atomic lattice [58-60]. Immensely,
the control in the C/N ratio is a useful method to retain
the outstanding properties of component materials and
lead to other novel physical phenomena. Consequently,
carbon nitrides have been extensively proposed as a po-
tential nominee for commonly ongoing applications such
as catalysis [61], photocatalyst [62], nanoelectronic de-
vices [60-63], energy storage [64-67], sensors [68, 69], and
water splitting [70, 71].

Despite of the large number of papers on carbon ni-
tride allotropes, to the best of our knowledge there is no
investigation devoted to the synthesis and study of elec-
tronic, optical and thermoelectric properties of a carbon
nitride monolayer with a composition formula CgN. To
bridge this gap, we sought in the present work to build a
novel carbon nitride 2D material with a CgN stoichiom-
etry, comprising 10 carbon nitride rings (5 hexagons, 2
pentagons, and 3 tetragons). The remaining part of the
paper will calculate the structural, electronic, optical and
thermoelectric properties of CgN carbon nitride mono-
layer. The pentagons and tetragons rings are designed to
significantly change the properties of carbon nitride since
the incorporation of these rings produces a positive local
Gaussian curvature as reported previously in graphene
[72, 73]. Stirringly, it is found that CgN is a semimetal
with one Dirac-point and dynamically more stable rela-
tive to other carbon based 2D materials. As a result, our
various carbon nitride architectures allow the practical
construction of new carbon nitride structures for a wide
range of potential applications.

II. METHOD

In this work, we report results of our DFT calcu-
lations for the electronic structure as implemented in
the OpenMX 3.8 package [76]. The Perdew-Burke-
Ernzerhof approach from the generalized gradient ap-
proximation (PBE-GGA) [74] is applied to describe the
exchange-correlation functional. The norm-conserving
pseudopotentials [75] The wave functions are expanded
by the linear combination of multiple pseudoatomic or-
bitals (LCPAOs) generated using a confinement scheme
[77, 78]. After the convergence tests, the cutoff energy of
450 €V is chosen so that the total-energy converges below
1.0 meV/atom. The geometries were fully relaxed until
the force acting on each atom was less than 1 meV/A.
The k-points for sampling over the Brillouin zone (BZ)
integration were generated using the Monkhorst-Pack
scheme [79]. The integration over the k-point mesh was
performed using 19 x 19 x 1 for the primitive unit cell.

The empirical dispersion method of the DFT-D3 [80] is
employed to get insight in the van der Waals interac-
tions. Simulated scanning tunneling microscopy (STM)
images were obtained using the Tersoff-Hamann theory
[81]. STM simulated images and were graphed using
WSxM software [82].

Since the CgN lattice is a low-symmetry lattice, the
examination of the dynamical stability with the common
DFT approach is computationally demanding. There-
fore, in this work the examination of dynamical stabil-
ity is achieved by using machine-learning interatomic
potentials [86-88]. To achieve this aim we have em-
ployed the moment tensor potential (MTP) [89], which
has been proven as an accurate and computationally ef-
ficient model for describing the atomic interactions [90].
We used MLIP package for the calculation of forces using
the MTP [91]. The training set is prepared by conducting
ab-initio molecular dynamics (AIMD) simulations over
2 x 2 x 1 supercells with 2 x 2 x 1 k-point grids. AIMD
simulations are carried out at 50 and 600 K, each for 1000
time steps. Half of the AIMD trajectories are selected to
create the training sets. MTP for the C4N monolayer
is then trained passively using the procedure explained
in the recent studies [86-88]. The PHONOPY code [92]
is employed to obtain phonon dispersion relation over
5 x 5 x 1 supercells using the trained MTP for the force
calculations [86, 87].

In the case of optical properties, the real and imagi-
nary parts of dielectric tensor, absorption coefficient and
reflectivity were calculated using the random phase ap-
proximation (RPA) [83] method constructed over the
screened hybrid Heyd-Scuseria-Ernzerhof hybrid func-
tional (HSE06) [84]. Thermoelectric properties are calcu-
lated by solving the semi-classical Boltzmann transport
equation within the rigid band and constant relaxation
time approximations as implemented in the Boltztrap2
code[93]. The values of o,5(€) are directly calculated
through the Fourier interpolation of the energy bands.
Therefore, a very fine mesh should be required. We have
used a k-mesh of 30 x 30 x 1 is employed for calculation
of the transport coefficients.

III. STRUCTURAL PROPERTIES

The geometric atomic structure of the C¢N monolayer
and its rectangular primitive unit cell is shown in Fig.
1(a). The slightly puckered honeycomb structure of CgN
monolayer exhibits the space group of Pj,,1. The primi-
tive unit cell is formed by 28 atoms (involving 24 C and
4 N atoms). After structure optimization the lattice con-
stants were demonstrated as: a=7.19 A and b=8.01 A.
The 3D view of optimized atomic structure of C¢N mono-
layer with structural parameters such as bond length and
bond angles is shown in Fig. 1(b). In the CgN structure
lattice, we can see tree types of rings involving consist
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FIG. 1. (a) Geometric atomic structure of C¢N monolayer
with its rectangular primitive unit cell indicated by the red
square. C and N atoms are represented with brown and blue
spheres, respectively. The difference and total charge densi-
ties are indicated as inset, the charge accumulation and de-
pletion are shown by color scheme with blue and yellow re-
gions, respectively. (b) 3D view of optimized atomic structure
of CgN monolayer with structural parameters such as bond
length and bond angles. (c¢) The STM simulated image of
CsN monolayer.
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of C-C octagon; C-N pentagon; C-C and C-N hexagon.
The bond lengths in the C-C octagon ring is determined
dcc=1.53 A and the bond angle #;=90°. In the C-N
pentagon ring, the doc=1.48 A and deny=1.42 A as well
as the bond angle of C-N-C is 118°. Notice that in the
C-C hexagon ring, doc is determined to be 1.59 A with
a bond angle of 122°. While in the C-N hexagon ring
dec, don and dyy are calculated 1.34, 1.42 and 1.42 A,
respectively with a bond angle of the C-N-C is 118°. The
optimized structure of the C¢gN monolayer is not planar
and has a thickness parameter of t=1.71 A.

The difference and total charge densities are indicated
in Fig. 1(c). The charge accumulation and depletion
are shown by color schemes with blue and yellow re-
gions,respectively. The difference charge density (Ap)
is calculated using the following equation:

Ap = piot — pc — PN (1)

where piot, pc and py represent the charge densities of
the CgN monolayer and isolated atoms, respectively. The
result of difference charge density calculations gives the
positively charged C atoms are surrounded by negatively
charged N atoms. Based on the charge transfer analy-
sis, we found out that the N atoms gain as 0.31e from
the adjacent C atoms. According to the Pauling electro-
negativity scale, the N (3.0) atom has a larger electro-

negativity than C (2.5) and it results in large difference of
electron density. The STM simulated image is obtained
from first-principles DFT calculations in order to pro-
vide visible guidance for experimental observations (see
Fig. 1(d)). The atomistic structure is easily recognized
from the predicted STM image, where the N atoms are
brighter than the C atoms.

The cohesive energy per atom that is quantifying the
stability of materials is calculated using the following
equation:

Econ = [(ncEc +nnEN) — Eiot]/(nc + 1), (2)

where F- and Ey represent the energies of isolated sin-
gle C and N atoms; Fy,; represents the total energy of
the CgN monolayer. In addition, ng and ny stand for
the number of C and N atoms in the primitive unitcell,
respectively. The calculated cohesive energy for the CgN
monolayer is -6.40 eV /atom, which is almost equal or
even lower than the corresponding values of other ex-
perimentally synthesized carbon nitride monolayers stud-
ied in a previous work (8-C3Ny (~-5.85 eV/atom), g-
C3Ny(~-6.10 eV/atom), g-CN (~-6.30 eV/atom), and
g-C4N3(~-6.40 eV /atom)) [94] indicating its possible ex-
perimental synthesis. We have also calculated the for-
mation energy of the CgN monolayer with respect to
the chemical potential of C in perfect graphene and the
chemical potential of N in Ny. Similar to other 2D car-
bon nitride monolayers, the formation energy of CgN is
also positive and its magnitude of 0.18 eV /atom is in the
same range as those calculated for the graphitic N-doped
graphene with nitrogen concentration of approx. 14%
(C7N and C5N) [95]

Using density functional theory (DFT), we are able to
investigate the stability of C4¢N monolayer. The dynam-
ical stability is examined by calculating its phonon band
dispersions and is presented in Fig. 2. We first examine
the dynamical and thermal stability of C¢N monolayer,
by evaluating the phonon dispersion relation and AIMD
trajectories at 300 K, respectively. As shown in Fig. 2(a),
the phonon dispersion relation is free of any imaginary
frequency, confirming the dynamical stability. As the
signature of 2D materials, the plotted phonon dispersion
relation presents three acoustic modes, two with linear
and the other one with a quadratic dispersion. Ab initio
molecular dynamics (AIMD) for CgN monolayer at room
temperature is shown in Fig. 2(b). Insets of panel of
Fig. 2(b), show the temperature fluctuation and the top-
view of the structure after 5 ps of simulation. Analysis
of the AIMD trajectories also shows that the structure
could stay intact at 300 K, with very stable energy and
temperature profiles, proving the thermal stability of the
CgN monolayer.



TABLE I. Structural and electronic parameters of the optimized CsN monolayer including: lattice constants a and b, average
bond length betweens C-C atoms (dcc), C-N atoms (den) and N-N atoms (dyn)), bond angles between C-C-C atoms () and
C-N-N (02), thickness defined by the distance between the largest and smallest z coordinates of C atoms (t); cohesive energy
per atom, (E.op); charge transfer (AQ) between atoms; electronic states (ES) are specified as semimetal (SM).
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FIG. 2.  (a) Phonon band dispersion of C¢N monolayer.

(b) Ab initio molecular dynamics (AIMD) for C¢N monolayer
at room temperature. Insets of panel show the temperature
fluctuation and the top-view of the structure after 5 ps of
simulation.

IV. MECHANICAL PROPERTIES

Furthermore, we have evaluated of the mechanical sta-
bility of the CgN monolayer by calculating its linear elas-
tic constants. The strain energy, caused by different
types of uniaxial (x and y directions) and biaxial strains,
is supposed to be always positive for a carefully relaxed
2DM and it is defined as:

E, = 1/2011E12 =+ 1/2022E§ + C12E1Ey + 2C¢s Eg (3)

where the Ey, Ey, E5 and Eg are strain energy per unit
area, uniaxial strains along the X and Y axes, and shear
strain along the XY direction, respectively. Within the
framework of harmonic approximation the C4N mono-
layer with a rectangular lattice has three independent
elastic constants of Cq1, Cas, C12 and Cgs. The CgN
monolayer is mechanically stable if it satisfies the Born
criteria [96] for rectangular lattices: C11Cap — CZy >0,
and Cgg >0. According to our calculations C11, Caa, C12
and Cgg are found to be 191.28, 174.66, -40.77, and 52.87
N/m, respectively. Obviously, these values satisfy the
Bron criteria for the rectangular lattice, confirming the
mechanical stability of the C¢N monolayer. To further
describe the mechanical properties of the C¢N monolayer,
we have calculated its in-plane stiffness (C) and Pois-
son’s ratio (v) along X and Y directions. The in-plane
stiffness along X and Y directions are obtained using

C, = % and C) % The calculated
Cy and C, for the CgN monolayer are 181.77 and 165.98
N/m, respectlvely The calculated stiffness values are al-
most a half of graphene (347 N/m), indicating that the
material is appreciably softer than graphene [97]. The
Poisson’s ratio, which is a dimensionless quantity and
describes the expansion or contraction of the material
along the perpendicular direction to the direction of ap-
plied strain, is obtained using v,= @ and v, gi’;‘

The quantity is positive for most of the 2D materials
and only a few 2D monolayers are predicted to possess
negative Poisson’s ratios [98-101]. Interestingly, the CgN
monolayer has negative Poisson’s ratios of -0.25 and -0.22
along X and Y directions, respectively, indicating that if
the material expands along X or Y direction, it expands
instead of contracting along the perpendicular direction.
The calculated Poisson’s ratios are almost 4 times larger
than that obtained for the famous penta-graphene [102].

V. ELECTRONIC PROPERTIES

The results of the electronic structure calculations,

e., the total density of states (DOS) and the partial
DOS (PDOS) of the CgN monolayer are presented in
Fig. 3(a,b). The k-path of BZ is depicted in the in-
set. The computations show that the CgN monolayer is
a semi-metal, with a zero gap, together with the valence
and conduction bands touched and formed a Dirac point
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FIG. 3. (a) Electronic band structure, DOS and PDOS of

CeN monolayer. The k-path of BZ is depicted in the inset.
Fermi level is set to zero. (b) Calculated PDOS of atoms in
CsN monolayer with respect to p., py and p. orbitals.

at between the I'-X points in the BZ. Notice, the semi-
metallic characteristic is preserved when the HSE06 is
included. From the DOS and PDOS illustrated in Fig.
3(a), it is clearly seen that the semi-metallic character-
istic bands around the Fermi level are mainly composed
of C and N atoms does not show any contribution. The
orbital-projected DOS diagram of the CgN monolayer is
depicted in Figs. 3(b). The additive of p,, p, and p, or-
bitals are shown by red, green and blue colors. Blue and
red circles illustrate the location of a Dirac cone which is
related to the electrons. The Dirac point is composed of
the intersection of two bands formed by the p,, p, and
p. orbitals centered along the I'-X point in the Brillouin
zone. From Fig. 3(b), we can see that the states energy
range between -2.0 and 0.0 eV below the Fermi energy is
composed of the C orbital states.

It should be noted that the majority of carbon-nitride
monolayers are semiconductors, such as the C3Ny, C3N,
CQN, C71\T67 C3N5 and C3N6 [39, 50*57] Recently CgN4
was predicted to be a metal, with remarkable states
around the Fermi level [43]. This highlights that in com-
parison with previous theoretically predicted or experi-
mentally fabricated carbon-nitride monolayers, CgN of-
fers a novel electronic nature of semimetal.

VI. OPTICAL PROPERTIES

The optical responses of this novel 2D system have
been considered using the RPA method constructed over
HSE06. Because of the asymmetric geometry along the
x-, y- and z axes the optical spectra are aisotropic for
light polarizations along the in-plane (E|x and E||y) and
out-of-plane (E||z) directions. Hence, the optical prop-
erties for E||x, E||y and E||z are considered. The imagi-
nary and real parts of the dielectric function (Im(e) and

6 - E| x

Energy (eV)

FIG. 4. Imaginary (Im(e)) and real parts (Re(e)) of the di-
electric function vs. photon energy of the C¢N monolayer,
predicted using the RPA + HSEQ06 approach.
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FIG. 5. Optical absorption spectra vs. photon energy (top
panel) of the C¢N monolayer, predicted using the RPA +
HSEO06 approach. Bottom panel shows a comparison of opti-
cal absorption spectra as a function of wavelength, for afore-
mentioned nanosheet in the UV-vis range (350-700 nm) of
spectrum including graphene (black line).



Re(e), respectively) of the CgN monolayer versus pho-
ton energy for all polarization directions are illustrated
in Fig. 4. Tt can be seen that the Im(e) along x- and z-
axes starts with a gap which confirms the semiconductor
characters of the optical spectra along these directions.
The first peak of Im(e) for the CgN monolayer occurs
at an energy of ~1.1 and 0.26 eV along the x-axis and
z-axis, respectively, which are in IR range of spectrum.
Furthermore, the positive values of the static dielectric
constant (the values of Re(e) at zero energy) indicate the
semiconductor character of the optical spectra along E||x
and E||z for this 2D system. The values of the static di-
electric constant for the novel 2D carbon nitride system
were calculated to be 4.34 and 2.55 along E|x and E||z,
respectively. In contrast, the Im(e) along y-axis starts
without any gap, presenting weak semiconducting opti-
cal responses in this direction. The first peak of Im(e)
occurs at 0.25 eV which is in the IR range. The value
of the static dielectric constant along E||y was estimated
to be 68.3. The absorption coefficient of the C¢N mono-
layer is plotted in Fig. 5. In this case we have also com-
pared the acquired results with that of pristine graphene
(black line) in the UV-vis range of light (from 300 to
700 nm) as a function of wavelength from our previous
studies [6, 7]. These results indicate that the first ab-
sorption peaks for the CgN monolayer are 1.11, 0.33 and
1.05 eV along x-, y- and z-axes, respectively, which are
indeed in the IR range. The second absorption peaks for
E||x and E||z are located at photon energies greater than
1.5 eV, i.e. in visible range. The results obtained indi-
cate that the C4N monolayer can enhance UV-vis light
absorption in comparison with graphene, which can be
potentially attractive for optoelectronic applications. In
general, high absorption coefficients were attained (~105
ecm™1) for this novel structure which is higher than the
typical absorption coefficient value for direct band gap
semiconductors across the entire UV-vis range [8]. Inter-
estingly, the optically anisotropic character of this system
is highly desirable for the design of polarization-sensitive
photodetectors [9].

VII. THERMOELECTRIC PROPERTIES

The CgN monolayer of shows large intrinsic Seebeck
coefficient values for both type of carrier doping (n-type
and p-type) in both directions as shown in Fig. 6(a, b).
The Seebeck coefficient (), electrical conductivity (o®#),
and electronic thermal conductivity (k%) are obtained
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FIG. 6. (a,b) Seebeck coefficient, (c,d) electrical conductivity,
(e,f) power factor, (g,h) electronic thermal conductivity as a
function of the carrier concentration for both n-type and p-
type at 300 K, 400 K, and 500 K of the monolayer C6N.
The solid and dashed lines represent the z- and y-direction,
respectively.

using the following equations:

:eTQo—alﬂ(T, ) / o= n) {%(gj’u)} e
{ 9fo(Te, M)} de

(4)
(T Q/ de

(5)
aﬂ(T’ M) €2TQ /0a6(6)(€ ,u)Q |: %(g:'u)] de
(6)

where T, ©, u and % (¢) represents the temperature,
volume of the unit cell, chemical potential and transport
distribution function, respectively. The 0,3 can be cal-
culated using the following equation:

=y mk)of (k)v] (k) (7)

k

Se8(T, 1)

Tapl(€)

where 7;(k) and vf‘(l;) are the carrier relaxation time,
carrier group velocity of o component with wave vector



k of the ith band, respectively. The maximum Seebeck
coefficients of the CsN monolayer are: 174 and 188 pV/K
for electrons and holes along the x and y directions, re-
spectively. Such large values of the Seebeck coefficient
in a semimetal can be related with extra parabolic band
in the valence band and a flat conduction band. Sec-
ondly, the electrical conductivity (¢/7) and electronic
thermal conductivity (k¢/7 ) are investigated and the
results obtained are illustrated in Fig. 6(c-f). The o/7
and k€/7 are increasing with temperature at low carrier
concentrations and these quantities become independent
at high carrier concentrations. A similar behavior is ob-
served in graphene. The o/7 and k°/7 are greatly larger
in the y-direction for n-type and p-type doping. The
K€/ is proportional to the o/ r as demonstrated by the
Wiedemann-Franz law: (k¢ = LoT), where L represents
the Lorenz number. The power factor (PF) is also calcu-
lated, since it is a very important thermoelectric param-
eter and it relates the Seebeck coefficient and electrical
conductivity by: PF = S?0/k¢. Larger PF values are
recored in thermoelectric applications. The Fig. 6(g, h)
depicts the PF of the monolayer as function of carrier
concentration and temperature. We have obtained con-
siderably larger PF values 13.76, 11.71, and 9.12 (10!
Wm K257 for the p-type doping at 300 K, 400 K,
and 500 K, respectively. These results suggest that the
CgN monolayer is highly promising for thermoelectric ap-
plication.

VIII. CONCLUSION

In this work, we proved theoretically the dynamical
stability of C4N monolayer by means of first-principles
calculations. Dynamical stability of the C4N monolayer
was verified in terms of its phonon band dispersions,
while the molecular dynamics simulations revealed the
thermal stability. Our results show that the C¢N mono-
layer has large negative in-plane Poisson’s ratios along
both X and Y direction. The electronic structure showed
that CgN monolayer is a semi-metal with a Dirac-point.
The optical computations indicate that the first and sec-
ond absorption peaks of this novel 2D structure along
in-plane polarization are located in the IR and visible
range, respectively. Moreover, the absorption coefficient
and optical conductivity of this nanosheet in the UV-
vis window. The monolayer of CgN can be considered
for thermoelectric application in which the power factor
can reach 13.76, 11 (101'Wm~1K~25~1). Thus, we have
demonstrated that the CgN monolayer can be an alter-
native C-based 2D material with fascinating properties.
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