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The structural, electronic, and optical nature for SiC, 
Si0.94Sn0.06C, and Si0.88Sn0.12C lead-free photovoltaic inverters 
have been examined in this work for the first time using DFT 
based on CASTEP code. For developing the photovoltaic 
inverters, silicon carbide (SiC), was optimized by the DFT 
method of the computational tool using Generalized Gradient 
Approximation (GGA) based on the Perdew Burke Ernzerhof 
(PBE). The DOS and PDOS were calculated. It was obtained as a 
hexagonal geometry structure and its band gap was 2.3 eV as 
an indirect band gap which indicated the photovoltaic 
inverters. Afterward, the doping effect was recorded by using 
Sn metals at 6% and 12% replacing the Si atom. The band gaps 
for 6% and 12% of Sn doped were 2.00 eV and 1.65 eV, 
respectively, that provided the evidence as strong inverters in 
term of band gap. The optical properties, such as absorption, 
reflection, refractive index, conductivity, dielectric function, 
and loss function were calculated for SiC, Si0.94Sn0.06C, and 
Si0.88Sn0.12C. As a final remark, it can be said that the doping 
effect of 12% of Sn metals on silicon carbide (SiC) can reduce 
the band gap and supportive for photovoltaic inverters from 
optical properties. 
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Introduction 

Semiconductor materials provide the great 

effect of sustainable energy for tremendous 

growth in solar technology due to produce an 

electronic device such as light emitting diodes 

(LEDs) [1], operating higher voltage or at 

high temperature in future. Most of the 

electronic technologies entirely depend on 

using of semiconductors [2]. The energy 

conversion of thermal to electrical energy 

from the sun is the adequate source available 

in the world. In several ways, solar energy 

can be helpful such as solar heating and 

photovoltaic (PV) [3-5]. This is why, there is 

great interest in using electrical 

semiconductor materials for higher thermal 

conductivity, lower production cost [6], 

including solar cell [7], higher current density 

[8], near visible, mid visible, deep visible light 

detections [9], and larger electric breakdown 
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strength [10] to build larger promising 

materials. The earth receives the renewable 

energy from the sun which can not entirely be 

converted and dispensed into electrical 

energy owing to lacking of efficiency from 

15% to 17 % of silicon based solar cell [11]. 

For increasing their efficiency level, the 

modern multi-junction with concentrated 

photovoltaic (CPV) [12] applied for replacing 

silicon-based solar cells, providing 

reasonable capital investment for solar farms 

[13]. Due to the excellent behaviors, such as 

impactful physical properties [14], good 

chemical stability [15], environmental benign 

[16-20], sustainable energy [21] and 

interesting optical properties [22], 

semiconductors based on the quantum dot 

has been studied. So, developing 

semiconductor material with higher 

efficiency at room temperature is inevitable. 

Currently the transition metal ions like Ni, Sn, 

Cu, Fe etc. doped by II to IV group 

semiconductors such as ZnS, ZnO, CuO2,CdS , 

and others, have drawn great attention [23-

26].  

In recent years, producing increment from 

regenerative energy sources was registered 

in the energy mixes of several development 

countries [27-29]. One of the great mature 

technologies from renewable energy sources 

like photovoltaic (PV) power systems 

consisting grid connected inverters are very 

popular in commercial domestic power 

plants [30, 31]. Nowadays, the lead-free SiC 

semiconductor has been widely used as an 

inverter in power electronics device [32] 

where energy from photovoltaic rays (PV) 

into an electrical grid is transferred and heat 

exchanger [33] happens in the solar power . 

In the photovoltaic energy conversion 

system, SiC semiconductor plays a significant 

role for removing various problems of the 

materials restriction of silicon. The silicon 

carbide semiconductor was used in the first 

photovoltaic inverter, as reported by Frank 

and Bruno [34]; currently metal oxide 

semiconductor field effect transistors, 

(MOSFETs) [35], junction field effect 

transistors (JFETs) [36], bipolar junction 

transistors (BJTs) [37] are available in the 

world. The aim of this research is to develop 

the photovoltaic inversion process after 

doping silicon carbide by transition metal 

atom of tin (Sn) for removing the barrier and 

improving the significant application for 

photovoltaic inverter system in future studies 

due to great effect of silicon carbide (SiC). 

This paper covers the comparative study 

of SiC including the investigation of 

structural, electronic, and optical properties 

using the first principle method based on the 

density functional theory (DFT). The novelty 

of this research lies in the base material 

silicon carbide (SiC) doped by 6% and 12% of 

Sn atom and various properties have been 

studied for the first time. As the most 

accurate method GGA with PBE has been used 

for determining the electronic and optical 

properties with the same setting option for 

SiC, Si0.94Sn0.06C, and Si0.88Sn0.12C crystals for 

its vast applications [17, 38-43]. 

Computational methods 

The method of GGA with PBE was executed 

[44] from CASTEP code from material studio 

8.0 [45] for calculating the electronic 

structure for crystals. Firstly, the structural 

optimization for SiC crystal was performed by 

GGA with PBE method. For simulation, the 

convergence criterion for the force between 

atoms was 2×10−6 eV/atom, 1×10−5 Å  as the 

maximum displacement and 1×10−5 eV/atom 

as the total energy, and the same condition 

was applied for SiC, Si0.94Sn0.06C, and 

Si0.88Sn0.12C keeping the cut off at 523, and k 

point at 4×4×2 with norm-conserving pseudo 

potentials functional. The 2×1×1 supercell 

models were considered to simulate the 

optimized material for calculating structural 

and electronic properties [43]. Then, the 

density of states (partial or total) and optical 

properties were calculated with same 

condition.  
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Results and discussion 

Optimized structure 

The lattice constant values for SiC, Si0.94Sn0.06C 

and Si0.88Sn0.12C are evaluated from the 

materials studio after optimizing their crystal 

structure. It was illustrated that the 

tetragonal type, space group P63mc [186] 

was selected for computational study which 

represented the similar value of experimental 

data as shown in Table 01. The optimized 

structure of materials is shown in Figure 1, 

which was taken after simulation GGA with 

PBE which is considered as the standard 

functional of DFT having heavy metal atoms 

in crystal. 

TABLE 1 Structural calculation by GGA with PBE method 

Compound a b C 𝜶 β γ 
Crystal 

type 
Space 
group 

Density 

SiC 
3.094 

Å 
3.094 

Å 
10.128 

Å 
90.00° 90.00 ° 120.00 ° hexagonal 

P63mc 
[186] 

3.17 
g/cm3 

Si0.94Sn0.06C 
3.094 

Å 
3.094 

Å 
10.128 

Å 
90.00° 90.00 ° 120.00 ° hexagonal 

P63mc 
[186] 

3.17 
g/cm3 

Si0.88Sn0.12C 
3.094 

Å 
3.094 

Å 
10.128 

Å 
90.00° 90.00 ° 120.00 ° hexagonal 

P63mc 
[186] 

3.17 
g/cm3 

   

FIGURE 1(a) Optimized 
structure for SiC 

FIGURE 1(b) Optimized 
structure for Si0.94Sn0.06C 

FIGURE 1(c) Optimized 
structure for Si0.88Sn0.12C 

Electronic structure 

The electronic energy gap has been used to 

calculate the electronic properties of SiC, 

Si0.94Sn0.06C, and Si0.88Sn0.12C. The band gap 

between the highest energy state of the 

valence band and the lowest energy state of 

the conduction band is closely related to the 

LUMO-HOMO gap. The Fermi energy level 

between the conduction and valence band 

was set at 0 eV. Based on the energy band, 

crystal materials have either indirect band 

gap or direct band gap. As shown in Figure 

2(a), it was observed that the momentum of 

the minimum energy state of the conduction 

band was found in the Q point and the 

maximum energy state of the valence band 

was obtained in different G symmetry points. 

So, electron cannot shift the highest energy 

state of the valence band to the lowest energy 

state of the conduction band without change 

in momentum. The calculated band gap was 

found at 2.30 eV for SiC shown in Figure 2(a). 

After doping by 6%, the electronic band gap 

declined, which is reported 2.0 eV for 

Si0.94Sn0.06C is shown in Figure 2(b). From 

Figure 2(c), having 12% dope of Sn with Si 

atom the band gap reduced by 0.65 eV and 

observed 1.65 eV for Si0.88Sn0.12C. It can be 
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seen that both materials following indirect 

band gap due to MCB and MVB are at 

different points of symmetry. Owing to 

indirect band gap, so that this semiconductor 

does not absorb light well this is important 

fact for photovoltaic or solar cell. The values 

of electronic band gaps for SiC, Si0.94Sn0.06C, 

and Si0.88Sn0.12C semiconductors are listed in 

Table 2. 

 

  

FIGURE 2(a) Electronic 
structure for SiC 

FIGURE 2(b) Electronic 
structure for Si0.94Sn0.06C 

FIGURE 2(c) Electronic 
structure for Si0.88Sn0.12C 

TABLE 2 Band gaps for SiC, Si0.94Sn0.06C, and Si0.88Sn0.12C 

Compound Method of GGA with PBE Experimental value 

SiC 2.30 2.22 
Si0.94Sn0.06C 2.00 Newly predicted 
Si0.88Sn0.12C 1.65 Newly predicted 

 

Density of states and partial density of states 

In order to reveal the electronic band 

structure and scattering of an orbital of 

materials, the density of state or partial 

density of states plays a significant role. For 

an energy interval, density of states is 

discontinuous which states that in the band 

gap region no states found for electron 

occupies of the materials. The method GGA 

with PBE has been used to interpret DOS and 

PDOS of Si, C, and Sn atoms for SiC, 

Si0.94Sn0.06C, and Si0.88Sn0.12C crystal materials. 

Density of states upper Fermi level energy 

illustrates the Lowest Unoccupied Molecular 

Orbital (LUMO) and negative part of photon 

energy represents the Highest Occupied 

Molecular Orbital (HOMO) as shown in Figure 

3(a) to 3(l). Figure 3(a) depicts the 

comparative study of DOS for SiC, Si0.94Sn0.06C, 

and Si0.88Sn0.12C which explains the maximum 

electron density of valence band and 

conduction band for Si0.88Sn0.12C than SiC and 

Si0.94Sn0.06C crystal. Figure 3(b) represents the 

PDOS for SiC crystal consists of 3p2 for Si 

atom and 2p2 for C element. The strong 

hybridization occurs for p orbital of C atom in 

valence band and p orbital of Si atom in 

conduction band for SiC. The PDOS for 

Si0.94Sn0.06C semiconductor consists of 3p2 for 

Si atom, 2p2 for C atom and 5p2 for Sn atom 

which can be seen in Figure 3(c). The p 

orbital of C atom provides strong 

contribution for valence band and p orbital of 

Si and Sn atoms provide higher contribution 

for conduction band. Figure 3(d) depicts the 

PDOS, consisting of 3p2 for Si atom, 2p2 for C 

atom and 5p2 for Sn atom. Figures 3(e) to 3(l) 

depict the comparative study of s, p, and d 

orbital’s for SiC, Si0.94Sn0.06C, and Si0.88Sn0.12C. 

From the study, it can be said that the p 

orbital is the higher contributor of both 

conduction bands for Si0.94Sn0.06C and 

Si0.88Sn0.12C crystals. 
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FIGURE 3(a) Comparison of total DOS for 
doped and undoped 

FIGURE 3(b) PDOS for undoped 

 

 

FIGURE 3(c) PDOS for Si0.94Sn0.06C FIGURE 3(d) PDOS for Si0.88Sn0.12C 

 

 

FIGURE 3(e) PDOS SiC for Si atom FIGURE 3(f) PDOS SiC for C atom 
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FIGURE 3(g) PDOS in Si0.94Sn0.06C for Si atom FIGURE 3(h) PDOS in Si0.94Sn0.06C for Sn atom 

 

 

FIGURE 3(i) PDOS in Si0.94Sn0.06C for C atom FIGURE 3(j) PDOS in Si0.88Sn0.12C for Si atom 

 

 

FIGURE 3(k). PDOS in Si0.88Sn0.12C for Sn atom FIGURE 3(l) PDOS in Si0.88Sn0.12C for C atom 
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Optical properties 

Optical reflectivity 

Reflectivity is a significant optical property of 

semiconducting material in which the amount 

of light that is incident on the surface of the 

semiconductor material can be estimated 

from the reflectivity data which is related to 

the absorbance of that material. It is noted 

that a smaller value of reflectivity shows 

greater absorption of light or UV. In this 

research, the reflectivity of SiC, Si0.94Sn0.06C, 

and Si0.88Sn0.12C crystal was observed, 

respectively shown in Figure 4. The value of 

reflectivity near photon energy 0 eV is around 

0.2, which represents no band gap found in 

the Fermi energy level that confirms SiC, 

Si0.94Sn0.06C, and Si0.88Sn0.12C have a semi-

conductor nature. It is found that the values 

of reflectivity for SiC, Si0.94Sn0.06C, and 

Si0.88Sn0.12C remain the same in the photon 

energy range between 0 eV to 1.5 eV is about 

0.22. Above energy 1.5 eV, the reflectivity 

increases moderately after 12% doping of Sn 

atom with Si for Si0.88Sn0.12C material than SiC 

and Si0.94Sn0.06C materials. 

 

 

FIGURE 4. Reflectivity FIGURE 5. Absorption 

Absorption  

The absorption spectrum of a material 

depends on the nature of the energy band gap 

which follows the indirect band gap usually 

absorbs more temperature than the direct 

band gap semiconductor, because there are 

fewer phonons at low temperature. For 

indirect band gap semiconductor, the light 

with photon energy near to the band gap can 

attenuate much before being absorbed than 

direct band in previous investigation [46, 47]. 

Figure 5 illustrates comparative study of the 

absorption for SiC, Si0.94Sn0.06C, and 

Si0.88Sn0.12C. The polycrystalline polarization 

technique and the electrical field vector as an 

isotropic average were used to determine the 

optical absorption of SiC, Si0.94Sn0.06C, and 

Si0.88Sn0.12C semiconductor. It is revealed that 

absorption peaks are attributed to the 

transition of energy from highest energy 

states of valence band to the lowest energy 

state of conduction band under UV or visible 

light illumination that indicates materials can 

absorbs photons of visible range. From the 

photon energy level 0 to 3.5 eV, the 

absorption of all three materials remains the 

same and then absorption increases rapidly 

for Si0.88Sn0.12C and Si0.94Sn0.06C but for 

undoped material rises moderately after 4 eV. 

So, it can be said that the semiconductor 

doping by 12% of Sn with Si of SiC can absorb 

larger visible light than other materials SiC 

and Si0.94Sn0.06C. Due to the maximum 

absorption found for Si0.88Sn0.12C 

semiconductor in the mid visible range 3.94 

eV to 4.43 eV and deep visible range above 

4.43 eV, it is a good absorber in that region. 
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Refractive index 

The refractive index or index of refraction is a 

significant parameter for measuring the 

characteristics of materials that reveals how 

fast visible light travels through the material. 

In previous investigation, it was reported that 

higher value of refractive index is associated 

with the larger and denser medium of 

material [48]. The refractive index has two 

segments:  Real portion and imaginary 

portion. The real part of refractive index 

indicates the phase velocity whereas the 

imaginary segment is mass attenuation 

coefficient. Figure 6 depicts the comparative 

study of refractive index as a function of 

photon energy reveals that the values for the 

imaginary part are almost zero until photon 

energy 3.5 eV for SiC, Si0.94Sn0.06C, and 

Si0.88Sn0.12C materials, whereas at initial point 

of photon energy, the value of refractive 

index is at around 2.7 for real part of both 

doped and undoped semiconductor. Above 

photon energy 2.5 eV, the values of the 

refractive index of the real segment change in 

a similar trend for SiC, Si0.94Sn0.06C, and 

Si0.88Sn0.12C.

 
 

FIGURE 6 Refractive Index FIGURE 7 Dielectric function 

Dielectric function  

The dielectric function or relative 

permittivity is important tool to investigate 

their optical properties which is related with 

adsorption properties as the following 

equation revels for solid [49, 50]. 

ε = ε1 (ω) + iε2 (ω) 

Here, ε1 (ω), and ε1 (ω) denotes the dielectric 

constant (real part) and the dielectric loss 

factor (imaginary part), respectively. The 

band structure of any material is the 

probability of photon absorption, which is 

closely related to the imaginary segment of 

dielectric function. The real part of the 

dielectric function shows the energy storing 

capacity and the energy attenuation 

capability for nonconductor materials. It can 

be seen from figure 7, the dielectric function 

initiated from 7.5 for real part of doped and 

undoped material at 0 eV and changes 

steadily with changing photon energy at 

around 3 eV. However, the imaginary part 

shows zero dielectric function up to 3.5 eV for 

SiC, Si0.94Sn0.06C, and Si0.88Sn0.12C materials, 

and above that dielectric function increases 

rapidly for Si0.94Sn0.06C. 

Conductivity 

The optical conductivity of the semiconductor 

on the basis of the energy band and free 

electrons is linked with the discrete space of 

electrons in orbit. This is also produced due 

to the presence of holes and free electrons in 

the crystal molecules. Figure 8 represents the 

optical conductivity changes with rising 

photon energy for SiC, Si0.94Sn0.06C, and 

Si0.88Sn0.12C. It can be seen that the value of 

the imaginary part of conductivity decreases 
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exponentially with changing photon energy 

for both doped and undoped material even 

that the initial value was zero at 0 eV. 

However, the optical conductivity value was 

almost same up to photon energy 3.5 eV for 

real part of both doped and undoped 

semiconductors. 

 

 

FIGURE 8 Conductivity FIGURE 9 Loss function 
  
Loss function  

There are two segments for electronic energy 

loss function such as high energy region and 

low energy region for the optical properties. 

The high energy portion follows the higher 

loss function and the opposite is the lower 

energy loss function. The energy loss function 

is closely related to the dielectric constant of 

the materials in the range of the dielectric 

theory validation. Figure 9 shows the 

comparative study of loss function as a 

function of photon energy for SiC, Si0.94Sn0.06C, 

and Si0.88Sn0.12C. It can be seen that up to 

photon energy 3 eV no loss function was 

found for SiC, Si0.94Sn0.06C, and Si0.88Sn0.12C 

semiconductors and then loss function 

enhanced rapidly for Si0.94Sn0.06C with rising 

photon energy. However, the loss function of 

SiC and Si0.88Sn0.12C rises slowly due to 

increasing energy.   

Conclusion 

To sum up, the electronic, structural, and 

optical properties of hexagonal SiC, 

Si0.94Sn0.06C, and Si0.88Sn0.12C lead-free 

photovoltaic inverters have been studied for 

the first time using the DFT functional by first 

principle approach. The electronic band gaps 

have been recorded for SiC, Si0.94Sn0.06C, and 

Si0.88Sn0.12C are 2.30 eV, 2.0 eV and 1.65 eV by 

GGA with PBE showing more consistency 

with the experimental value 2.22 eV for SiC. 

After 12% Sn doping in silicon carbide (SiC) 

the band gap reached 1.65 eV which is 

important for improving photovoltaic 

inverter system. The photon energy is 

dependent on optical properties such as 

optical reflectivity, absorption, refractive 

index, conductivity, dielectric function, and 

loss function that have been investigated and 

explained broadly. It has revealed that 

Si0.88Sn0.12C is a good absorber in the higher 

photon energy and a good reflector in deep 

visible range of light. The density of states 

and partial density of states have been 

investigated for SiC, Si0.94Sn0.06C, and 

Si0.88Sn0.12C photovoltaic inverters. 
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