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1. Introduction 

Graphene and its derivatives are groundbreaking materials 

with a two-dimensional hexagonal structure, offering 

exceptional electrical conductivity, strength, and 

flexibility. Their versatility and chemical modifiability 

enable applications in electronics, energy storage, sensors, 

biomedicine, and more. Ongoing research highlights their 

potential in advancing technology and solving global 

challenges [1]. In this structure, particles behave like 

Dirac mass-less fermions, leading to many suitable 

electrical properties making graphene a suitable candidate 

for the design and fabrication of future nanoelectronic 

components [2-4]. For this reason, scientists have 

expanded their research in the field of two-dimensional 

materials in recent years, and the results of these 

researches have led to the creation of new two-

dimensional materials [5,6]. One of the notable points on 

two-dimensional materials is that their properties can be 

altered by applying changes such as absorption, impurity 

contamination, creating defects, or applying other 

physical properties [7-11]. The most important and 

practical method to adjust and control the electronic 

properties of nanomaterials is to replace the atom of that 

material with other atoms. Extensive studies have been 

reported on the structural properties of two-dimensional 

materials doped with different atoms [12-14].C3N @pure 

monolayer is a non-magnetic semiconductor with a small 

gap of 3.9eV. Nitrogen-doped C3N monolayer has a 

structure similar to graphene with a better performance 

than graphene, such as g-C3N4 and C2N, both of which 

have been studied as the photocatalysts for the evaluation 

of hydrogen through dehydration [15,16]. Following the 

development of materials science, many new materials 

with suitable physical and chemical properties have been 

predicted for the design of required high-performance 

nanodevices. Vinada et al [17] reported new results for 

thin film materials that can be considered as promising 

candidates for various applications including 

optoelectronics, photocatalysts, gas sensors and light 

emitting diodes [18,19]. Two-dimensional carbon nitride 

materials have been widely used in many applications 

such as device fabrication, gas absorption, and separation 
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due to their high physical and chemical stability and 

excellent electronic properties. Laboratory research shows 

that two-dimensional carbon nitride materials have 
semiconductor properties, while it is predicted based on 

theoretical findings that these structures have 

semiconductor and insulator properties. However, few 

carbon nitride compounds have metallic and half-metallic 

properties [20,21]. Conducting scientific studies to find 

metallic or half-metallic carbon nitride has attracted the 

attention of researchers. In the present work, the basic 

method used in this simulation is first presented. The 

structural, electronic, and optical properties of sulfur-

doped C3N monolayer are investigated. The results 

provide a different strategy for realizing single atom 

doping, and they give a new insight into the structure and 

properties of sulfur atom. 

 

2. Computational Details 

Calculations of structural and electronic properties have 

been performed by the first principles method based on 

the density functional theory using the full potential 

linearized augmented plane wave method (FP-LAPW) 

[22]. For this purpose, WIEN2k code has been used with 

local density and generalized gradient approximations and 

correlation-exchange function. The pure C3N unit cell is a 

hexagonal structure with the number of 6 carbon atoms 

and 2 nitrogen atoms, which crystallizes in the PGnmm-

191 space group. The C3N @pure monolayer is a non-

magnetic semiconductor with a small gap of 0.5 eV, which 

is in good agreement with previous works [23,24]. The 

value of RKmax is equal to 8, 

 Gmax is equal to 12, and the Kpoint is also equal to 200. 

In order to determine the impurity concentration, a 

supercell was created with dimensions of 2x2x2, 

containing 64 atoms, of which 48 are carbon atoms and 16 

are nitrogen atoms. For impurity, a nitrogen atom was 

removed and replaced with a sulfur atom; the impurity 

concentration is equal to 6%. Moreover, Kramers-Kronig 

relationships and RPA random phase approximation 

method are used to obtain the components of the complex 

dielectric function of this nanostructure. 

 

3. Results and Discussion 

3.1. Structural Properties 

Lattice parameters are among the structural features 

of each crystal, which can be obtained in a state where the 

structure is at its minimum energy. Then, the energy curve 

of the whole unit cell is drawn for different lattice 

parameters to fit it with an equation of state, which is 

known as Murnaghan equation: 

𝐸(𝑉) = 𝐸0 + [𝐵 ×
𝑉

𝐵0
′ × (

1

(𝐵0
′ − 1)

× (
𝑉0

𝑉
)

𝐵0′

+ 1)

− 𝐵 ×
𝑉0

(𝐵0
′ − 1)

]             (1) 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =
𝐵

𝐵0
′ × [(

𝑉0

𝑉
)

𝐵0′

− 1]          (2) 

where B is the bulk modulus, B' is the derivative of 

the bulk modulus, and V is the cell volume. This curve has 

a parabolic behavior giving the minimum point of the 

curve, the minimum level, and as a result, the equilibrium 

lattice parameter. The values of these parameters are listed 

in Table 1. 

 
Table 1: Total energy (E), equilibrium volume (V), bulk 

modulus (B), derivative of bulk modulus (' B), for C3N @S 

monolayer 

Parameter E (Ry) V 

(Bohr3) 

B (Gpa) B 

C3N@S -1364.58 1491 415.05 -6.97 

 

The atomic structure of the doped S monolayer, which is 

a planar hexagonal lattice, is shown in (Scheme 1). C3N 

@S lattice constants and bond lengths are listed in Table 

2. 

 
Scheme 1. C3N @S primary unit cell 

 
Table 2: Lattice constants, bond lengths and adhesion energy, 

respectively 

Structure 

Lattice 

Parameter 

(bohr) 

Bond Length 

(Å) 

Ec 

(Kj/mol) 

C3N@S a= 9.39 N-C   1.433 -40.20 

 b= 9.39 C-C   1.293  

  S-C   1.884  

 
As seen in Table 2, by doping S atom instead of N atom 

to this structure, the length of the bonds changes. The 

greater the radius of the doped atom compared to nitrogen, 
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the longer the bond length of the doped atom with the 

second neighboring atoms is, which this change in the 

structure causes changes in the physical properties of this 

material. In order to investigate the characteristics of this 

structure, its electronic structure calculations are 

optimized, as shown in (Scheme 2). 

 
Scheme 2. Energy change curve versus volume 

 

         To check the chemical stability of this structure, its 

adhesion energy is calculated, which is obtained from the 

following equation 

 

𝐸(𝑐) = −
𝐸𝑡𝑜𝑡

𝐶3𝑁@𝑆 − [𝑁𝐶𝐸𝐶
𝑠𝑖𝑛𝑔𝑙𝑒

+ 𝑁𝑁𝐸𝑁
𝑠𝑖𝑛𝑔𝑙𝑒

]

𝑁𝐶 + 𝑁𝑁

(3) 

 

where Etot is the total energy calculated for the C3N@S 

structure, and EC and EN are the energies of carbon and 

nitrogen atoms, respectively. NC and NN indicate the 

number of carbon and nitrogen atoms. The results of this 

calculation are listed in Table 2. As can be seen, the 

obtained negative value is a proof of the thermodynamic 

stability of this structure. The phonon calculations of this 

structure have already been performed, revealing that this 

structure in its pure state does not have any negative 

branches, so it is completely stable [25]. 

 

3.2. Electronic Properties 

The density of states of the doped structure is 

illustrated in (Scheme 3). With doping S atom, the 

diagram of the density of electron states at the Fermi level 

is non-zero. In addition, the electron states of the 

conduction and valence bands overlap in the Fermi level, 

and the energy gap is zero. The diagram of electron states 

in up and down spin states intersects the Fermi level, so 

metallic characteristics are obtained due to doping C3N 

structure with sulfur atom. Apparently, the density of 

electron states for up and down spins is equal, indicating 

that this structure is non-magnetic. Additionally, 

according to this fact that, at high energies, the number of 

states and the probability of the presence of electrons is 

raised in relation to the Fermi and valence regions, the 

material acquires a strong metallic property. 

 

 
Scheme 3. Density of states of C3N@S for up and down spins 

 

       In order to examine the electronic properties and the 

type of bonds, as well as the effect of guest atoms, 

especially on the Fermi level, the partial density of states 

diagram of the constituent atoms for this structure can be 

seen in (Scheme 4). For the C3N@S structure, the 

contribution of the guest atom to energies higher than the 

Fermi level is more of two other atoms, and the share of P 

orbital is more than that of S orbital of the guest atom. 

 
 

Scheme 4. Partial density of states diagram 
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The band structure diagram is depicted in (Scheme 5). 

With the obtained optimal parameters, the energy bands 

are obtained using the PBE-GGA approximation. By 

adding impurity of S atom, there is no energy gap. 

Furthermore, according to the valence band, it intersects 

the Fermi level, so the diagram displays that this structure 

is metallic. The results obtained from the band structure 

are completely consistent with the results of the density of 

states. 

 

 
 

Scheme 5. Band structure for C3N @S 

 

3.3. Optical Properties 

      After calculation of the electronic structures, optical 

properties like imaginary and real parts of the dielectric 

function, electron energy loss function, refraction index 

and absorption coefficient of C3N@Shave been studied by 

using the random phase approximation (RPA) approach. 

The imaginary part of the dielectric function, 𝜀2, canbe 

obtained from the momentum matrix elements between 

the occupied and unoccupied wave functions [26]: 

𝐼𝑚𝜀𝛼𝛽
{𝑖𝑛𝑡𝑒𝑟}(𝜔) =

ℏ2𝑒2

𝜋𝑚2𝜔2
∑ ∫ 𝑑𝑘⟨𝜓𝑘

𝑐𝑛|𝑃𝛼|𝜓𝑘
𝑣𝑛⟩𝑛 ⟨𝜓𝑘

𝑣𝑛|𝑃𝛽|𝜓𝑘
𝑐𝑛⟩𝛿(𝐸𝑘

𝑐𝑛 −

𝐸𝑘
𝑣𝑛 − 𝜔)                                (4) 

        The absorption spectrum is proportional to the sum 

over interband transitions from occupied valence states 

𝜓𝑘
𝑣𝑛 to empty conduction states 𝜓𝑘

𝑐𝑛 over the first 

Brillouin-zone k points, where 𝐸𝑘
𝑐𝑛  and 𝐸𝑘

𝑣𝑛 are 

conduction band (CB) and valance band (VB), 

respectively. The real part 𝜀1(𝜔) can be evaluated from 

𝜀2(𝜔) using the Kramer-Kronig relations: 

𝑅𝑒𝜀𝛼𝛽
{𝑖𝑛𝑡𝑒𝑟}

(𝜔) = 𝛿𝛼𝛽 +
2

𝜋
𝑃 ∫

𝜔𝐼𝑚𝜀𝛼𝛽(𝜔′)

(𝜔′)2 − 𝜔2

∞

0

           (5) 

 

The knowledge of )(1  and )(2   allows the calculation 

of other optical constants such as energy loss 

function𝐿(𝜔), refraction coefficient𝑛(𝜔) and absorption 

coefficient α(ω). 𝐿(𝜔),𝑛(𝜔)and 𝛼(𝜔) can be computed 

from the complex dielectric function,𝜀(𝜔), through the 

following relations [27-29]: 

𝐿𝑖𝑗(𝜔) = −𝐼𝑚 (
1

𝜀𝑖𝑗(𝜔)
) =

𝜀𝑖𝑗
′′(𝜔)

𝜀𝑖𝑗
′ 2(𝜔)+𝜀𝑖𝑗

′′2(𝜔)
               (6) 

 

𝑛𝑖𝑗(𝜔) = √
|𝜀𝑖𝑗(𝜔) + 𝑅𝑒𝜀𝑖𝑗(𝜔)|

2
                                (7)  

 

𝑎𝛼𝛽(𝜔) =
2𝜔𝑘𝛼𝛽(𝜔)

𝑐
                                                 (8) 

 
where c is the speed of light in vacuum and kαβ is 

imaginary part of the complex refractive index, known as 

the extinction index. It is given by the following relations 

  𝑘𝛼𝛽(𝜔) = √
|𝜀𝛼𝛽(𝜔)−𝑅𝑒𝜀𝛼𝛽(𝜔)|

2
                                  (9)    

The real and imaginary parts of the dielectric function are 

given in (Scheme 6). 

       Owing to the crystal symmetry of this compound, its 

optical response is completely symmetrical in both x and 

y directions, and for the graphs, the x direction is only 

considered. However, the optical behavior along the z 

direction is different from the other two directions. As can 

be seen from the Scheme, the difference in the x- and z-

direction graphs represents the anisotropy of the crystal, 

meaning that the crystal behavior will be different for 

incident photons in these directions. In the areas where the 

real part of the dielectric function has a peak, the structure 

exhibits the highest transparency, as well as the lowest 

absorption and conductivity. 

When the S atom is doped in the C3N structure, this atom 

acts as a disturbance factor and causes the energy levels to 

become misaligned because of the difference in the energy 

levels of the orbitals and the large size of the sulfur atom 

compared to the carbon and nitrogen atoms in the C3N 

structure. There are no sharp peaks related to the 

degeneracy transition in this structure. 

The static value of the real part tends to negative infinity 

in the x direction, and this value is 1.36 in the z direction, 

indicating that by changing the angle of the incident light 

along the z direction, it has an approximately 
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semiconductor behavior while it behaves strongly metallic 

in the x direction. 

 

 
 

Scheme 6. The top image is the real part of the dielectric 

function in the X and Z directions, and the bottom image is the 

imaginary part of the dielectric function in the X and Z 

directions. 

 

     With the increase of photon energy, the maximum 

value is equal to 1.8 at the energy of 12 eV in the z 

direction. In the X direction, the real part is negative up to 

the range of 1 eV due to metallic behavior, and after that 

it has small fluctuations, the maximum of which is 3 at the 

energy of 2.8 eV. The imaginary part of the dielectric 

function has a zero value in the z direction at zero energy 

although it tends to the positive side of infinity in the x 

direction, exhibiting that the behavior of this structure is 

metallic. In the z direction up to the energy range of 2.5 

eV, the imaginary value of the dielectric function is zero, 

indicating the energy gap in this range. By increasing the 

energy, this value escalates to reach its maximum value of 

2 at the energy of 12 eV, representing semiconductor 

behavior from an optical point of view. In both directions, 

in the energy range of 2 to 15 eV, several peaks can be 

seen representing interband transitions, and from 16 eV 

onwards, a decrease can be observed in the transition. The 

metallic and semiconductor properties from an optical 

point of view in these two directions can be utilized. The 

absorption coefficient diagram is shown in (Scheme 7). 

 

Scheme7. Absorption diagram in terms of energy in X and Z 

directions. 

 

     The absorption edges have occurred at energies of 0.5 

and 3 eV in the x and z directions, respectively. Optical 

anisotropy is evident in the behavior of the absorption 

spectrum. In the x direction, peaks are seen in the range of 

the visible light region at energies of 1 and 3 eV while in 

the z direction, no peaks are observed in the visible light 

region.Variations of electron energy loss function are 

presented in (Scheme 8) in terms of incident photonenergy 

for x and z directions. 

The electron energy loss spectrum for both x and z 

directions starts at zero electron volt energies. In this 

regard, a large peak is detected at low energies in the x 

direction, which is related to optical transitions. At 

energies that are the function of maximum loss, the 

intensity of the inter-band transition is minimal. 

Conversely, there is the highest energy loss in the energy 

range of 1 to 3 eV, and the intensity of the interband 

transition is zero. The sudden change of slope, occurred in 

the real part of the dielectric function in the z direction, 

causes peaks in the part of the energy loss function. There 

is a gap in the diagram of the imaginary part in the z 

direction in the visible light range, confirming the 

behavior of the energy loss diagram in the z direction. The 

broad peaks, seen at higher energies in the energy range 

of 7 to 22 eV in the x direction and 12 to 20 eV in the z 

direction, can be related to Plasmon peaks of the π+σ 

electrons that the intraband interaction effects also play an 

important role in the energy loss function in the presence 

of impurity. In the z direction, materials behave as 

semiconductors at frequencies lower than the Plasmon 

frequency, and as metals at higher frequencies. The most 
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prominent peak in the energy loss function is known as the 

Plasmon peak, representing the collective excitation of the 

electron charge density in the crystal. In the x direction, 

the prominent peaks are observed in the energy range of 3 

eV while it can be seen in the energy range of 16 eV in the 

z direction. The best optical response in the X direction is 

in the IR region. 

 
Scheme 8. Energy loss function diagram in terms of energy in 

X and Z directions. 

 

4. Conclusion 

In summary, a first-principles simulation is studied to 

investigate the structural properties of C3N@S. The 

results of the calculations reveal that the C3N monolayer 

doped with sulfur atom has metallic and non-magnetic 

properties. Due to the anisotropy of this structure, the 

maxima of the refractive index are different in different 

directions, and this anisotropy and the incompatibility of 

the graphs cause birefringence in this structure. The best 

optical response in the X direction is in the IR region.The 

presented electronic and optical results of the studied 

structure show that it is very useful for the design of 

advanced nanoelectronic nano-systems and energy 

conversion (batteries). These results provide a different 

strategy for realizing single-atom impurity, and they 

reveal new insights into the structure and properties of the 

sulfur atom. 
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