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ABSTRACT 

Anti-perovskite materials have unique structural and electronic properties that offer significant potential for thermoelectric and 
optical applications, mainly because of their direct gap semiconducting behavior. In this work, we investigate the structural, electronic, 
thermoelectric, and optical properties of anti-perovskite X3SiO (X = Ba, Sr, Ca) using the density functional theory (DFT) method. These 
properties were computed by employing the generalized gradient approximation with the Perdew-Burke-Ernzerhof (GGA-PBE) 
exchange-correlation function. The structural, electronic, and optical properties were calculated using the CASTEP code, while 
thermoelectric properties were calculated using the BoltzTraP code that utilized the Boltzmann transport equation (BTE). Our analysis 
of band structure for Ba3SiO, Sr3SiO, and Ca3SiO shows that these materials have direct band gaps with semiconducting behavior at  
Γ-Γ k-points. The band gap values are 0.44 eV, 0.43 eV, and 0.11 eV for Ba3SiO, Sr3SiO, and Ca3SiO respectively. The elastic property 
analysis indicates that all three compounds are brittle due to their Pugh’s ratio ≦ 0.5. Furthermore, the thermoelectric analysis 
revealed that Ba3SiO and Sr3SiO compounds are n-type materials, while the Ca3SiO compound is a p-type material at 300 K. However, 
our results show that anti-perovskite X3SiO (X = Ba, Sr, Ca) exhibits relatively poor thermoelectric performance with low figure of 
merit (ZT) values of 9.66 × 10–4, 9.59 × 10–4, and 2.50 × 10–2 for Ba3SiO, Sr3SiO, and Ca3SiO, respectively, at room temperature. 
Regarding optical properties, these compounds have a wide absorption spectrum from 0 eV to 30 eV, from the infrared to the 
ultraviolet region. The maximum peaks in reflection coefficient were observed in the high ultraviolet light energy range (>20 eV), 
suggesting that Ba3SiO, Sr3SiO, and Ca3SiO are excellent reflectors. 
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1. INTRODUCTION 

Anti-perovskites are a class of structural compounds 
characterized by an atomic arrangement in which cations 
and anions occupy inverted positions compared to 
perovskite materials, while still retaining a perovskite 
crystal structure [1]. The general chemical formula of anti-
perovskite is X3AB, where A and B are anions and X is a 
cation. Over the past decade, there has been increasing 
interest in anti-perovskite materials due to their potential 
in various applications, particularly in energy conversion 
[2], the technology that can convert waste heat into 
electrical current [3]. 

Anti-perovskites containing alkaline metals, transition 
metals, and alkaline earth metals for X cations have been 
widely investigated because of their electronic and 
transport properties [4]. Their semiconducting nature 
makes anti-perovskite compounds suitable candidates for 
thermoelectric and optical applications [5]. In particular, 
anti-perovskite compounds that composed alkaline-earth 
metals combined with group 14 elements have 
demonstrated favorable semiconducting behavior [6]. 
Recent studies have highlighted the strong thermoelectric 

potential of Ba3SiO and Ba3GeO compounds. For example, 
He et al. investigated thermoelectric properties of Ba3SiO 
and Ba3GeO compounds using Heyd-Scuseria-Ernzerhof 
(HSE). He et al. reported that Ba3SiO exhibits a higher figure 
of merit with the value of 2.14 at 600 K compared to Ba3GeO 
[7]. This result indicates that Ba3SiO is a promising material 
for thermoelectric applications. 

In addition to thermoelectric performance, optical 
properties play a role in determining the applicability of 
semiconductors in optoelectronic and photovoltaic devices. 
Materials with direct band gaps are generally considered 
ideal for optical applications due to their ability to absorb 
light efficiently. For example, ANSr3 (A = As, Sb, Bi) 
compounds have been identified as probable candidate 
materials for optical applications because these compounds 
show direct band gaps [8]. Similarly, the simulation study 
on Ba4As3O and Ba4Sb3O has confirmed their suitability for 
photovoltaic applications. These compounds show direct 
band gaps of 1.1 eV and 1.3 eV for Ba4As3O and Ba4Sb3O, 
respectively, which enable strong absorption of visible light 
[9]. Furthermore, the thermoelectric and optical properties 
of A3SnO (A = Ca, Sr, Ba) have been investigated using the 
full-potential linearized augmented plane wave (FP-LAPW) 
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method. These three compounds were reported to be direct 
band gap semiconductors with band gap values of 0.51 eV, 
0.48 eV, and 0.10 eV for Ca3SnO, Sr3SnO, and Ba3SnO, 
respectively, highlighting their suitability as good 
candidates for both optical and thermoelectric applications 
[10]. 

Mahmood et al. further explored the physical properties of 
anti-perovskite Ca3XO (X = Si, Ge) in both cubic (Pm-3m) 
and orthorhombic (Pbnm) crystal structures using a 
modified Becke and Johnson (mbJ) approach [11]. Their 
results showed that Ca3SiO and Ca3GeO exhibit narrow band 
gap semiconducting behavior with the band gap values of 
0.91 eV and 0.89 eV for the cubic structure and 
approximately 0.70 eV and 0.73 eV for the orthorhombic 
structure, respectively. Although extensive studies have 
focused on cubic anti-perovskite nitrides, oxides, and 
carbides; however, orthorhombic anti-perovskite oxides 
remain relatively underexplored within the anti-perovskite 
family [12]. Moreover, existing literature suggests that 
structural transition from cubic to orthorhombic can 
improve the thermoelectric properties of anti-perovskite 
materials. Despite this potential advantage, most previous 
literature has been limited in addressing the orthorhombic 
oxide structure for thermoelectric applications [13]. 

As discussed above, the thermoelectric properties of Ba3SiO 
and Ca3SiO compounds have been reported, but for Sr3SiO, 
it remains unexplored. In addition to their thermoelectric 
properties, anti-perovskites also hold great promise for 
optical applications. Moreover, to date, the research on the 
optical properties of Ba3SiO, Ca3SiO, and Sr3SiO compounds 
has not been examined. So, in this work, we investigated the 
structural, electronic, thermoelectric, and optical properties 
of anti-perovskite X3SiO (X = Ba, Sr, Ca) in an orthorhombic 
crystal structure using the density functional theory (DFT) 
method. 

2. COMPUTATIONAL DETAILS 

The simulation study was conducted on the orthorhombic 
crystal structures of Imma (No. 16) for Ca3SiO and Pnma 
(No. 62) for both Ba3SiO and Sr3SiO. The density functional 
theory (DFT) method was utilized to calculate the 
structural, electronic, thermoelectric, and optical properties 
of anti-perovskite X3SiO (X = Ba, Sr, Ca) using generalized 
gradient approximation with the Perdew-Burke-Ernzerhof 
(GGA-PBE) [14] along with an on-the-fly-generated (OTFG) 
ultra-soft pseudopotential. The parameter optimization 
was performed to obtain optimized k-point and energy cut-
off. The optimized k-point for Brillouin zone sampling was 
chosen at 5 × 5 × 3, 5 × 5 × 4, and 4 × 4 × 3, while the plane 
wave energy cut-off was established at 600 eV for Ba3SiO, 
and 700 eV for Sr3SiO and Ca3SiO. The geometry 
optimization was then performed to obtain a stable 
structure of X3SiO (X = Ba, Sr, Ca) using the Bryoden-
Fletcher-GoldFarb-Shanno (BFGS) method. The final 
convergence of geometry optimization was achieved with a 
tolerance value of 5 × 10–5 eV/atom for total energy per 
atom, 2 × 10–1 eV/Å for maximum residual force, 1 × 10–3 Å 
for maximum atom displacement, and 0.2 eV/Å for 
maximum allowed ionic (force) on an atom. 

After achieving convergence, the structural, electronic, and 
optical properties were calculated using the Cambridge 
Serial Total Energy Program (CASTEP) code [15], whereas 
the thermoelectric properties were computed using the 
Boltzmann transport equation (BTE) that was implemented 
in the Boltzmann Transport Properties (BoltzTraP) code 
[16]. All thermoelectric properties are calculated over the 
temperature range of 300 K to 1000 K. Furthermore, the 
elastic properties were calculated using finite strain theory. 
This approach describes the relationship between stress 
and strain in materials under deformation. The elastic 
constants serve as the proportionality factors between the 
applied strain and resulting stress. Hence, this relationship 
is expressed as 𝜎𝑖 = 𝐶ij𝜀j, where σi represents the stress, εj 

is the strain, and Cij is the elastic constant that connects 
them. The bulk modulus (B) and shear modulus (G) were 
computed from Cij using the Voigt-Reuss-Hill approximation 
[17]. In addition, the Young’s modulus (E), which 
determines the stiffness of materials, is calculated using  
E = (9GB)/(3B + G). Finally, the optical properties were 
derived utilizing the Kramers-Kroning relation. The 
mathematical formulations used to calculate thermoelectric 
and optical properties are presented in their respective 
subsections. 

3. RESULTS AND DISCUSSIONS 

3.1. Structural Properties 

The crystal structures of X3SiO (X = Ba, Sr, Ca) are depicted 
in Figure 1. These compounds comprise three types of 
atoms: four oxygen (O) atoms, four silicon (Si) atoms, and 
12 alkaline earth metal atoms, specifically barium (Br) 
atoms, strontium (Sr) atoms, and calcium (Ca) atoms. 
Generally, these structures exist at room temperature [18]. 
From structural analysis, the lattice parameters of Ba3SiO 
were determined as a = 7.525 Å, b = 7.802 Å, and c = 
10.838 Å, which is in good agreement with experimental 
values of a = 7.532 Å, b = 7.585 Å, c = 10.724 Å with space 
group Pnma (No. 62) [19]. In the case of Sr3SiO, the lattice 
parameters were determined to be a = 7.159 Å, b = 7.200 Å 
and c = 10.153 Å. These values show good agreement with 
the experimental values of a = 7.125 Å, b = 7.116 Å, and c = 
10.074 Å for space group Pbnm (No. 4) [20]. Likewise, for 
Ca3SiO, the lattice parameters were a = 6.667 Å, b = 6.686 Å, 
and c = 9.444 Å, which is in good agreement with theoretical 
values of a = 6.660 Å, b = 6.640 Å, and c = 9.400 Å [11]. The 
lattice parameter of these compounds shows a decreasing 
trend from Ba2+ to Sr2+ to Ca2+, which correlates with the 
difference in X cation radius size of these atoms. 

 

Figure 1. Crystal structure of  
(a) Ba3SiO, (b) Sr3SiO, and (c) Ca3SiO 
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For structural analysis, Ba3SiO shows the largest lattice 

parameter and cell volume (640.44 Å3) due to large ionic 
radius of Ba2+ (1.35 Å) [21]. In comparison, Sr3SiO with 
smaller ionic radius of Sr2+ (1.18 Å) [21] has lower lattice 
parameters and cell volume (523.32 Å3) while Ca3SiO, which 
contains the smallest ionic radius of Ca2+ (1.00 Å) [21] 
shows the smallest lattice parameter and cell volume 

(421.02Å3). This trend demonstrates that the variations in 
the ionic radii size of X cations highly influence the lattice 
parameter and cell volume of Ba3SiO, Sr3SiO, and Ca3SiO 
compounds. Furthermore, the higher atomic weight of Ba2+ 
(137.33 g/mol) contributes to the greater molecular density 
of 4.72 g/cm3 in Ba3SiO, compared to Sr2+ (87.6 g/mol) in 
Sr3SiO with a molecular density of 3.89 g/cm3 and Ca2+ 
(40.08 g/mol) in Ca3SiO with a molecular density of 2.59 
g/cm3. As the atomic weight of the X cation decreases from 
Ba2+ to Sr2+ to Ca2+, the molecular density of Ba3SiO, Sr3SiO, 
and Ca3SiO compounds also decreases accordingly. 

Table 1 shows the calculated Young’s modulus and bulk 
modulus of the Ba3SiO, Sr3SiO, and Ca3SiO compounds. 
These compounds display a high Young’s modulus (E) and 
low bulk modulus (B). A high Young’s modulus indicates 
that these compounds are stiff and resist deforming under 
compression and tension forces. However, their low bulk 
modulus shows that these compounds can be compressed 
under certain high, uniform pressures. Among these 
compounds, Ca3SiO exhibits the highest values for both 
moduli compared to Ba3SiO and Sr3SiO. These results can be 
attributed to the shorter bond length of Ca3SiO compared to 
Ba3SiO and Sr3SiO. The shortest bond length indicates a 
closer arrangement of atoms, which leads to stronger 
interatomic forces between atoms and ionic bonding in 
between Ca and O in Ca3SiO. In contrast, the longer bond 
length in Ba3SiO leads to a weaker interatomic force and 

lower bulk modulus. From elastic analysis, the substitution 
of X cation with different radius sizes shows increasing 
trend of Young’s and bulk modulus from Ba2+ to Sr2+ to Ca2+. 
To the best of our knowledge, there is no available data for 
experimental and theoretical studies for comparison of the 
elastic properties of these compounds. As such, this study 
can be baseline data that may guide future study of Ba3SiO, 
Sr3SiO, and Ca3SiO compounds. 

Pugh's ratio (B/G) is used to assess the ductility and 
brittleness of material. A material is considered brittle if the 
ratio is less than 1.75, while if the ratio is larger than 1.75, 
then the material is considered ductile. The calculated 
Pugh's ratio of Ba3SiO, Sr3SiO, and Ca3SiO is 1.45, 1.25, and 
1.18, respectively, classifying all three compounds as brittle 
materials since their B/G ratios are less than 1.75. 
Moreover, the lower B/G ratios are also related to the higher 
hardness, following the trend that increased from Ba2+ to 
Sr2+ to Ca2+. 

Table 2 presents the Mulliken bond population analysis for 
Ba3SiO, Sr3SiO, and Ca3SiO compounds. Among these 
compounds, Ba3SiO exhibits the longest bond distance of 
Ba–O at 2.779 Å compared to Sr–O with the bond distance 
of 2.581 Å in Sr3SiO and Ca–O with the bond distance of 
2.371 Å in Ca3SiO. These results show that the longer bond 
distance in Ba3SiO is attributed to the larger ionic radius size 
of Ba2+ compared to Sr2+ and Ca2+. As the ionic radii size of X 
cations of these compounds increased, the attraction 
between the nucleus and outer electrons weakened, leading 
to a reduction in the electronegativity of the ions. The 
decrease in electronegativity disrupts the balance between 
the ionic X cation and oxygen atoms. As a result, the bond 
length increases, while the bond strength decreases. 

 
Table 1. Calculated Young’s modulus and bulk modulus of Ba3SiO, Sr3SiO, and Ca3SiO (current study) 

Compound Space group Method 
Young’s modulus, E 

(GPa) 
Bulk modulus, B 

(GPa) 
Ba3SiO     

GGA-PBE 
Pnma 

(No.62) 
Theory 

(CASTEP) 
96.35 33.86 

Sr3SiO     

GGA-PBE 
Pnma 

(No.62) 
Theory 

(CASTEP) 
146.51 44.92 

Ca3SiO     

GGA-PBE Imma (No.74) 
Theory 

(CASTEP) 
202.56 58.94 

 
Table 2. Mulliken population analysis of Ba3SiO, Sr3SiO, and Ca3SiO 

Compound Species Mulliken charge Bond lengths, Å Bond population 

Ba3SiO 

Ba 0.63 Ba–Ba = no bonding - 

Si −0.95 Si–Ba = no bonding - 

O –0.95 O–Ba = 2.779 0.14 

Sr3SiO 

Sr 0.67 Sr–Sr = no bonding - 

Si –1.06 Si–Sr = no bonding - 

O –0.96 O–Sr = 2.581 0.15 

Ca3SiO 

Ca 0.79 Ca–Ca = no bonding - 

Si –1.36 Si–Ca = no bonding - 

O –0.92 O–Ca = 2.366 0.16 
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In Mulliken population analysis [22], the bond population 
help to determine the bonding interaction and charge 
distribution in molecular compounds. The positive bond 
population values correspond to the bonding interactions, 
while the negative values are correlated with anti-bonding 
interactions. In compound formation, the Ba3SiO, Sr3SiO, 
and Ca3SiO compounds are formed when two electrons are 
transferred from Ba, Sr, and Ca atoms, resulting in positive 
Ba2+, Sr2+, Ca2+ ions, while O atoms receive these electrons 
to become negative O2– ions. The bond populations value 
can also show the chemical bonding of a compound. If the 
bond population value is below 0.5, this indicates ionic 
bonding existence, while if the value is above 0.5, this 
implies the presence of covalent bonding. In this study, the 
majority of anti-perovskite X3SiO (X = Ba, Sr, Ca) 
compounds exhibit ionic bonding, as indicated by Mulliken 
bond population below 0.5. The positive bond population 
values also confirm the presence of bonding interactions 
between Ba–O, Sr–O, and Ca–O in Ba3SiO, Sr3SiO, and Ca3SiO 
compounds, respectively. 

Figure 2 shows the electron density distribution for Ba3SiO, 
Sr3SiO and Ca3SiO compounds. In this mapping, the bond 
interaction of Ba–O, Sr–O, and Ca–O exhibits ionic bonding, 
as evidenced by the spherical electron charge distribution 
around Ba, Sr, Ca, and O atoms. These results are consistent 
with the finding from Mulliken bond population analysis 
that is presented in Table 2, further confirming the presence 
of ionic character of Ba–O, Sr–O, and Ca-O in Ba3SiO, Sr3SiO, 
and Ca3SiO compounds, respectively. 

3.2. Electronic Properties 

3.2.1. Band Structure Analysis 

The high symmetry k-points at Γ − Y − T − Z − Γ − X − S −
Y were used as sampling points in the first Brillouin zone for 
the band structure calculations of the Ba3SiO, Sr3SiO, and 
Ca3SiO compounds. These band structures were computed 
using generalized gradient approximation with the Perdew-
Burke-Ernzerhof (GGA-PBE) functional. The Fermi level is 
set at 0 eV in the band structure plot, which separates the 
valence band (blue lines) and conduction band (yellow 
lines). The calculated band structures for X3SiO (X = Ba, Sr, 
Ca) are presented in Figure 3. From this figure also, the 
maximum of the valence band curve aligns with the 
minimum of the conduction band curve at Γ–Γ k-points, thus 
confirming that X3SiO (X = Ba, Sr, Ca) compounds exhibit 
direct band gap semiconducting behavior. The calculated 
band gap values were found to be 0.44 eV, 0.43 eV, and 0.11 
eV for Ba3SiO, Sr3SiO, and Ca3SiO respectively, as shown in 
Table 3. The trend in band gap values decreases from 
Ba3SiO, Sr3SiO, and Ca3SiO as the substitution of the X cation 
with different radius sizes from Ba2+ to Sr2+ to Ca2+. This 
suggests the possibility of tuning the band gap by replacing 
the different X cation. According to Amin et al., materials 
with a direct band gap are particularly advantageous for 
photonic and optoelectronic applications [23]. From this 
electronic property analysis, we assume these compounds 
are a good indicator to study for their optical property in 
order to determine the potential of these compounds for 
optical applications. 

 

Figure 2. Electron density distribution mapping of  
(a) Ba3SiO, (b) Sr3SiO, and (c) Ca3SiO 

 

(a) 

 

(b) 

 

(c) 

Figure 3. Band structure of (a) Ba3SiO, (b) Sr3SiO, and (c) Ca3SiO 
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Table 3. Calculated band gap for Ba3SiO, Sr3SiO, and Ca3SiO 

Compound 
Functional 

(XC) 
Method 

Energy gap 
(eV) 

Ba3SiO GGA-PBE 
(current 
study) 

Theory 
(CASTEP) 

0.44 
Sr3SiO 0.43 
Ca3SiO 0.11 
Ba3SiO 

[24] 
GGA-PBEsol 

Theory 
(VASP) 

0.42 

Ca3SiO 
[25] 

GGA-PBE 
Theory 
(VASP) 

0.20 

 

The calculated band structures in this study show good 
agreement with computational studies, particularly in 
confirming the direct band gap semiconducting behavior of 
these compounds. For instance, Garcia-Castro et al. 
reported a band gap of 0.42 eV for Ba₃SiO with space group 
(Pbnm, No. 62) using generalized gradient approximation 
with Perdew-Burke-Ernzerhof for solid (GGA with PBEsol) 
functional [24], and Pohls & Mar found a band gap of 0.20 eV 
for Ca3SiO with space group (Imma, No. 74) using 
generalized gradient approximation with Perdew-Burke-
Ernzerhof (GGA-PBE) [25]. The slightly higher band gap 
reported by Pohls & Mar compared to our result for Ca3SiO 
is probably due to the author using different DFT code, the 
Vienna Ab initio Simulation Package (VASP), along with the 
projector augmented wave (PAW) method. We expected the 
different treatment of the basic set of these methods to be 
the root reason for this case. Based on previous literature, 
Ahmed Adllan and Dal Corso also reported that the 
difference between two results obtained using 
pseudopotential and PAW can be related to the difference in 

implementation of localized basis sets in these methods 
[26]. From the band structure analysis, the flat or nearly 
non-dispersing bands are determined in the valence band 
between Y and Z k-points for Ba₃SiO and between X and Y  
k-points for both Sr₃SiO and Ca₃SiO. These non-dispersion 
bands are correlated with localized orbital states, showing 
high electron density concentration, and often correspond 
to peaks in the partial density of states (PDOS), which is 
mainly from the Si-p state in the valence band, which is 
located near the Fermi level. 

3.2.2. Partial Density of State (PDOS) Analysis 

The partial density of states (PDOS) is computed to analyze 
the contribution of electronic states in the band structure, 
as shown in Figures 4, 5, and 6. The two prominent peaks 
emerge in the valence band, mainly originating from Si-p 
and O-p states. The highest PDOS peak corresponds to the 
O-p state, with values of 4.89 eV, 4.94 eV, and 4.88 eV for 
Ba3SiO, Sr3SiO, and Ca3SiO, respectively. However, the O-p 
state contributes less to the valence band due to its greater 
distance from the Fermi level compared to the Si-p state. 
The second higher peak arises from the Si-p state with PDOS 
values of 3.22 eV, 3.66 eV, and 2.60 eV for Ba3SiO, Sr3SiO, 
and Ca3SiO, respectively. These Si-p states are hybridized 
with smaller Ba-d/Sr-d/Ca-d states, showing high PDOS 
peaks near the Fermi level as shown in Figures 4(a), 5(a), 
and 6(a) for Ba3SiO, Sr3SiO, and Ca3SiO, respectively. With 
respect to the correlation between X cation radius size and 
the PDOS, the substitution of Sr2+ to Ba2+ to Ca2+, results in a 
reduction of the PDOS peak. 

 

  

  

Figure 4. Partial density of state for (a) Ba3SiO, (b) Ba, (c) Si, and (d) O 
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Figure 5. Partial density of state for (a) Sr3SiO, (b) Sr, (c) Si, and (d) O 

  

  

Figure 6. Partial density of state for (a) Ca3SiO, (b) Ca, (c) Si, and (d) O 
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The chemical bonding in molecular compounds can be 
further analyzed through a PDOS plot [27]. The Ba3SiO, 
Sr3SiO, and Ca3SiO compounds display ionic bonding, as 
indicated by the differences in PDOS peaks below and above 
the Fermi level. Above the Fermi level, Ba-d, Sr-d, and Ca-d 
states dominate, while below the Fermi level, O-p states are 
predominant. This result is supported by the bond 
population from Mulliken population analysis, where the 
bond population values are less than one, confirming the 
ionic bonding of these compounds. In the valence band, 
electrons are tightly bound to atoms, leading to high 
electron density, as observed in the O-p state. In contrast, 
the electrons are mobile and contribute to electrical 
conductivity in the conduction band, resulting in lower 
electron density for Ba-d, Sr-d, and Ca-d states. 

In the conduction band, the dominant contribution of 
electrons comes from Ba-d, Sr-d, and Ca-d states. 
Figures 4(a), 5(a), and 6(a) also show small electron density 
contributions from Si-p and O-p states that hybridized with 
Ba-d, Sr-d, and Ca-d states near the Fermi level. From PDOS 
analysis, the PDOS peaks are observed at 1.55 eV, 1.71 eV, 
and 2.59 eV for Ba3SiO, Sr3SiO, and Ca3SiO respectively. 
Among these peaks, the Ca-d state contributes the highest 
electron density in the conduction band compared to Ba-d 
and Sr-d states. Besides, Figures 4(b), 5(b), and 6(b) show 
that Ba-d, Sr-d, and Ca-d states exhibit lower and broader 
PDOS peaks compared to the sharper peaks of Si-p and O-p 
states in the valence band. These low peaks indicate a low 
electron density concentration that extends across a broad 
energy range from 0 eV to 7.27 eV for Ba3SiO, 0 eV to 7.51 
eV for Sr3SiO, and 0 eV to 6.73 eV for Ca3SiO. The 
substitution of X cations with different ionic radius sizes 
from Sr2+ to Ba2+ to Ca2+ causes the reduction of electron 
density concentration range. 

3.3. Thermoelectric Properties 

Thermoelectric technology allows the direct conversion of 
heat energy into electrical energy when the cold part and 
hot part of semiconducting materials are exposed to 
temperature gradients, a phenomenon that is known as the 
Seebeck effect. The efficiency of thermoelectric materials is 
often governed by the figure of merit (ZT). A high figure of 
merit indicating better thermoelectric performance of 
materials. The figure of merit is calculated using Equation 
(1) as follows [28]: 

ZT =
S2σT

ktotal

 (1) 

where S2 is a Seebeck coefficient, σ is electrical conductivity, 
T is an absolute temperature, and ktotal is total thermal 
conductivity. The thermal conductivity comprises two 
components, which are electronic thermal conductivity 
(kele) and lattice thermal conductivity (klat). The total 
thermal conductivity can be calculated such that 
ktotal = kele + k1at. In this study, the electrical conductivity 
and total thermal conductivity are calculated with a 
constant relaxation time of τ = 0.8 × 10–14 s to determine 
the value of figure of merit (ZT) [29]. The BoltzTraP code 
uses a transport tensor to derive the thermoelectric 

quantities such as the Seebeck coefficient, electrical 
conductivity, and thermal conductivity. The derived 
thermoelectric quantities equations is shown below: 

Sαβ(T, μ) =
1

eTσαβΩ
∫ σαβ(ε)(ε − μ) [−

∂f0(T, ε, μ)

∂ε

] dε (2) 

where Sαβ(T, μ) represents the Seebeck coefficient tensor as 

a function of temperature and μ is chemical potential, T is 
an absolute temperature, Ω is a reciprocal space volume, ε 
is a carrier energy, and σ is an electrical conductivity. 

σαβ(T, μ) =
1

Ω
∫ σαβ(ε) [−

∂f0(T, ε, μ)

∂ε

] dε (3) 

where σαβ(T, μ) is the electrical conductivity tensor as a 

function of temperature and chemical potential, σαβ(ε) is 

energy-dependent conductivity, (∂fμ (T, ε, μ))/ ∂ε is the 

derivative of Fermi-Dirac distribution, Ω is the reciprocal 
space volume, ε is a carrier energy, and μ is the chemical 
potential. 

kαβ
° (T, μ) =

1

e2TΩ
∫ σαβ(ε)(ε − μ)2 [−

∂f0(T, ε, μ)

∂ε

] dε (4) 

where kαβ
° (T; μ) is an electronic component of thermal 

conductivity, (∂fμ (T, ε, μ))/ ∂ε is the derivative of Fermi-

Dirac distribution, Ω is the reciprocal space volume, and T is 
an absolute temperature. 

3.3.1. Seebeck Coefficient Analysis 

Figure 7 shows the Seebeck S coefficient of Ba3SiO, Sr3SiO, 
and Ca3SiO compounds as a function of temperature. The 
Seebeck coefficient curves for these compounds 
demonstrate a significant decreasing trend with rising 
temperature from 300 K to 1000 K. At 300 K, the Seebeck 
coefficient of Ba3SiO is approximately –4.90 × 10–4 V/K 
which is lower in magnitude compared to Sr3SiO with a 
value of –5.84 × 10–4 V/K. The increase in the Seebeck 
coefficient of these compounds indicates the generation of 
voltage as temperature increases. The Ba3SiO compound 
also shows negative Seebeck coefficient values from 300 K 
to 650 K, likewise, Sr3SiO shows negative S for the 
 

 

Figure 7. Seebeck coefficient of Ba3SiO, Sr3SiO, and Ca3SiO 
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temperature range 300 K to 950 K. The negative S implies 
that the electron is the majority charge carrier. At this 
temperature range, Ba3SiO and Sr3SiO have n-type behavior. 
From 700 K to 1000 K, Ba3SiO shows positive S coefficient 
value, which indicates hole, p, as a majority carrier. 
Similarly, Sr3SiO shows a positive S coefficient value at 
1000 K. 

Meanwhile, Ca3SiO shows a gradual decreasing trend in 
Seebeck coefficient with increasing temperature. At 300 K, 
Ca3SiO shows a Seebeck coefficient of 1.51 × 10–4 V/K, 
which decreases to 8.46 × 10–5 V/K at 1000 K. The Ca3SiO 
behaves as a p-type from 300 K to 1000 K, as evidenced by 
its positive Seebeck coefficient. From Seebeck analysis, 
Sr3SiO shows the highest Seebeck coefficient in magnitude 
compared to the Ba3SiO and Ca3SiO compounds. The 
decrease in the Seebeck coefficient at higher temperatures 
is supposedly due to the effect of phonon scattering [30]. 
The progressive substitution of the X cation from Ca2+ to 
Ba2+ to Sr2+ is found to enhance the Seebeck coefficient in 
the temperature range of 300 K to 1000 K due to the 
influence of cation size on carrier transport behavior. 

3.3.2. Electrical Conductivity Analysis 

Figure 8 illustrates the electrical conductivity of Ba3SiO, 
Sr3SiO, and Ca3SiO compounds. Electrical conductivity 
refers to the movement of electrical charges within crystal 
structure [31]. Across all temperatures considered, these 
compounds exhibit an increasing trend in the electrical 
conductivity with increasing temperature. For both Ba3SiO 
and Sr3SiO compounds, the electrical conductivity initially 
increases slowly with the temperature but shows a rapid 
increase after 800 K. At 300 K, Ba3SiO has a higher electrical 
conductivity of 12.1 (Ω∙m)–1 compared to Sr3SiO, which has 
lower electrical conductivity of 2.08 (Ω∙m)–1. Both 
compounds reach their maximum electrical conductivity at 
1000 K, with Ba3SiO reaching 11359.8 (Ω∙m)–1 and Sr3SiO 
reaching 5604.4 (Ω∙m)–1. 

On the other hand, Ca3SiO shows a rapidly increasing trend 
in electrical conductivity from 300 K to 1000 K. At 300 K, 
Ca3SiO exhibits the electrical conductivity value of 
5610.2 (Ω∙m)–1 and it reaches a maximum electrical 
conductivity of 41378.7 (Ω∙m)–1 at 1000 K. From electrical 
conductivity analysis, Ca3SiO demonstrates the highest  
 

 

Figure 8. Electrical conductivity of Ba3SiO, Sr3SiO, and Ca3SiO 

electrical conductivity from 300 K to 1000 K compared to 
the Ba3SiO and Sr3SiO compounds. The higher electrical 
conductivity of Ca3SiO compared to Ba3SiO and Sr3SiO is 
mainly due to the lower Seebeck coefficient, as both of these 
parameters are inversely proportional. The substitution of 
X cations from Sr2+ to Ba2+ to Ca2+, results in higher electrical 
conductivity from 300 K to 1000 K. 

3.3.3. Thermal Conductivity Analysis 

The calculated electronic thermal conductivity and lattice 
thermal conductivity of the Ba3SiO, Sr3SiO, and Ca3SiO 
compounds are shown in Figures 9(a) and 9(b). For 
electronic thermal conductivity, these compounds exhibit a 
higher value from 300 K to 1000 K. At 300 K, the electronic 
thermal conductivity of Ba3SiO, Sr3SiO, and Ca3SiO is  
2.45 × 10–3 W/mK, 5.42 × 10–4 W/mK, and 0.13 W/mK, 
while these compounds reached the maximum point with 
values of 2.07 W/mK, 1.26 W/mK, and 3.88 W/mK, 
respectively, at 1000 K. 

As the temperature rises, the number of excited charge 
carriers increases, thereby strengthening the electronic 
thermal conductivity due to the increased mobility of free 
electrons in the crystal [32]. Besides, the higher electrical 
conductivity is also related to the higher electronic thermal 
conductivity. This trend necessarily follows the 
Wiedemann-Franz law, which states that the electronic 
thermal conductivity (kele) is directly proportional to 
electrical conductivity (σ) with the formula kele  =  𝐿𝜎𝑇 
[33]. Furthermore, the electron transitions between the 
valence band and conduction band take place with minimal 
changes in momentum for a direct band gap. This indicates 
that electrons transition from the valence band to the 
conduction band with minimal scattering, facilitating 
efficient electron transport. As a result, material with direct 
band gaps exhibits higher thermal conductivity, as heat can 
be effectively delivered by the electrons [34]. 

In terms of lattice thermal conductivity, all three 
compounds show a decreasing trend as temperature 
increases. This behavior is common for various materials 
because the heat transfer is impeded by increased phonon 
scattering at high temperatures. Ca3SiO shows the highest 
lattice thermal conductivity from 300 K to 1000 K, with the 
values of 1.39 W/mK to 0.46 W/mK, respectively, and 
Ba3SiO demonstrates moderate lattice thermal conductivity 
values of 0.91 W/mK at 300 K to 0.28 W/mK at 1000 K. 
Meanwhile, Sr3SiO displays the lowest lattice thermal 
conductivity, starting at about 0.22 W/mK at 300 K and 
decreasing to 0.07 W/mK at 1000 K. 

Figure 9(c) presents the calculated total thermal 
conductivity of Ba3SiO, Sr3SiO, and Ca3SiO compounds as a 
function of temperature. This plot shows that these 
compounds display a gradual improvement followed by a 
rapid rise until reaching a maximum point at 1000 K. At 300 
K, the total thermal conductivity values of Ba3SiO, Sr3SiO, 
and Ca3SiO are 0.91 W/mK, 0.22 W/mK, and 1.53 W/mK, 
respectively. At 1000 K, the total thermal conductivity value 
increased to 2.35 W/mK, 1.34 W/mK, and 4.35 W/mK for 
Ba3SiO, Sr3SiO, and Ca3SiO, respectively. From thermal 
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conductivity analysis, the higher total thermal conductivity 
is related to the higher lattice thermal conductivity. From 
thermal conductivity analysis, Ca3SiO shows the highest 
total thermal conductivity because the smaller ionic radius 
of Ca+2 can enhance more phonon transport, which assists 
better heat transfer in the crystal structure efficiently 
compared to the ionic radii of Sr2+ and Ba2+. Therefore, the 
substitution of different X cations from Sr2+ to Ba2+ to Ca2+, 
results in an increase in the total thermal conductivity from 
300 K to 1000 K. 

 
(a) 

 
(b) 

 
(c) 

Figure 9. The calculated (a) electronic thermal conductivity,  
(b) lattice thermal conductivity and (c) total thermal conductivity 

of Ba3SiO, Sr3SiO, and Ca3SiO 

3.3.4. Figure of Merit Analysis 

The figure of merit (ZT) can be calculated once all required 
transport properties, including the Seebeck coefficient, 
electrical conductivity, and total thermal conductivity, are 
determined. Figure 10 depicts the calculated figure of merit 
for Ba3SiO, Sr3SiO, and Ca3SiO compounds. For Ba3SiO, the 
ZT curve initially increases from 300 K to 450 K with a value 
of 9.66 × 10–4 to 4.5 × 10–3, respectively. After reaching a 
peak at 450 K, the ZT curve experiences a decline from 
500 K to 700 K, approximately 4.34 × 10–3 to 2.26 × 10–5, 
respectively. However, above 750 K, the ZT curve rises 
sharply until approaching a value of 7.36 × 10–4 to  
1.06 × 10–2 as temperature increases from 750 K to 1000 K, 
respectively. 

For Sr3SiO, the ZT curve exhibits a significant increase from 
300 K to 500 K with values of 9.59 × 10–4 to 1.45 × 10–2, 
respectively, and reaches the maximum peak at 550 K with 
a value of 1.57 × 10–2. However, from 600 K to 900 K, the ZT 
curve declines with a value of 1.40 × 10–2 to 2.00 × 10–4, 
respectively. From 950 K to 1000 K, the curve decreased 
from 3.28 × 10–6 to 7.06 × 10–5, respectively. 

In contrast to Ba3SiO and Sr3SiO, the ZT curve of Ca3SiO 
shows a sharp increase initially and then a slight decline 
until reaching a point at 1000 K. From 300 K to 600 K, the 
ZT rises sharply with the value from 2.50 × 10–2 to  
7.03 × 10–2, respectively. However, from 650 to 1000 K, the 
ZT curve declines with the value from 7.18 × 10–2 to 6.81 × 
10–2, respectively. From figure of merit analysis, these 
compounds exhibit poor thermoelectric performance as 
reflected by their low ZT value from 300 K to 1000 K. The 
lower ZT values are primarily related to their higher total 
thermal conductivity, which shows the decreasing of 
efficiency of thermoelectric conversion from heat energy to 
electrical energy. The substitution of the X cation from Sr2+ 
to Ba2+ to Ca2+, results in a higher figure of merit at 300 K, 
while at 1000 K, the substitution of the X cation for Ca2+ also 
shows the highest ZT compared to Ba2+ and Sr2+. 

 

Figure 10. Figure of merit for Ba3SiO, Sr3SiO, and Ca3SiO 
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3.4. Optical Properties 

The dielectric function plays an important role in 
determining the optical properties of X3SiO (X = Ba, Sr, Ca), 
including energy loss function, reflection coefficient, 
absorption coefficient, optical conductivity, and refractive 
index. It can be expressed using the following Equation (5) 
[35–36]: 

ε(ω) = ε1(ω) + iε2(ω) (5) 

where ε1(ω) is a real part and ε2(ω) is an imaginary part of 
the dielectric function. The real part of the dielectric 
function is calculated based on the Kramers-Kronig 
equation which is given by Equation (6): 

𝜀1(ω) = 1 +
2

𝜋
𝑃 ∫

ε2(ω′)ω′dω′

(ω′)2 − (ω)2

∞

0

 (6) 

Here, P represents the Cauchy principle value of the 
integral. The imaginary part ε2(ω)of the dielectric function 
is determined from the momentum matrix elements in 
between occupied and unoccupied orbitals and is derived 
using the following Equation (7): 

𝜀2 = (𝜔) =
𝑉𝑒2

2𝜋ℎ𝑚2𝜔2
∫ 𝑑3𝑘 ∑|〈𝜓𝑐|𝑝|𝜓𝑣〉|2 𝛿(𝐸𝑐 − 𝐸𝑣

− ℏ𝜔) 

 
 

(7) 

In this equation, p denotes the momentum operator, ψc to 
ψv are the point to the conduction and valence bands, ℏ is 
the reduced Planck constant and ωis the frequency of the 
incident ray. 

3.4.1. Dielectric Function Analysis 

Figure 11 illustrates the calculated dielectric function of 
X3SiO (X= Ba, Sr, Ca) compounds, which comprises of both 
real part ε1(ω) and imaginary part ε2(ω). The real part at 
zero frequency limit, ε1(0) is also known as static dielectric 
function, indicates the ability of material to become 
electrically depolarized when subjected to an external 
electrical field [37]. The static dielectric functions were 
determined to be approximately 16.94 for Ba3SiO, 14.12 for 
Sr3SiO, and 50.08 for Ca3SiO. 

Above zero-frequency limit, the maximum peaks in the 
ε1(ω) were observed at 1.03 eV (24.06) for Ba3SiO, at 0.66 
eV (18.12) for Sr3SiO, and at 0.10 eV (80.46) for Ca3SiO. 
These peaks indicate significant absorption of light energy 
within the infrared (IR) region for Ba3SiO, Sr3SiO, and 
Ca3SiO, showing that these compounds have strong IR 
absorption. Among these compounds, Ca3SiO exhibits the 
highest dielectric function due to its smaller band gap, 
leading to higher light absorption capability compared to 
Ba3SiO and Sr3SiO compounds. With respect to X cation 
substitution, the replacement of Ba2+ to Sr2+ to Ca2+ induces 
an increase in dielectric function. This reflecting the 
influence of cation size on the band gap of these compounds. 

Furthermore, the positive values of ε1(ω) indicate that these 
materials exhibit dielectric behavior. However, when ε1(ω) 

becomes negative, the materials change from dielectric 
behavior to metal-like behavior. The ε1(ω) curves show that 
all three compounds exhibit negative values in the visible 
and ultraviolet regions, suggesting their ability to reflect the 
electromagnetic wave. Particularly, Ba3SiO displays the 
negative values from 2.23 eV (–1.43) to 3.15 eV (–1.90) and 
at 7.60 eV (–1.20). Meanwhile, Ca3SiO shows the negative 
value from 4.40 eV (–3.69) to 7.34 eV (–2.12), and Sr3SiO 
displays the negative value from 3.07 eV (–4.12) to 3.85 eV 
(–3.44). When ε1(ω) is less than zero, it implies that the 
electromagnetic wave cannot propagate into the solid 
materials in the visible and ultraviolet region, thus validate 
their reflective characteristics in these regions. 

 

 

 

Figure 11. Dielectric function of  
(a) Ba3SiO, (b) Sr3SiO, and (c) Ca3SiO 
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The calculated imaginary part of dielectric function, ε2(ω), 
is represented by the red curve in Figure 11. The ε2(ω) is 
define how the materials absorb the electromagnetic wave. 
The ε2(ω) curve shows the optical gap at 0.48 eV, 0.46 eV, 
and 0.10 eV for Ba3SiO, Sr3SiO, and Ca3SiO compounds, 
respectively. These optical gaps verify the conductivity of 
these compounds as a semiconductor material. The 
increases and decreases curve in ε2(ω) show that the band 
transition takes place in certain region. The main peaks of 
ε2(ω) determined at 1.80 eV for Ba3SiO, 2.08 eV for Sr3SiO, 
and 0.33 eV for Ca3SiO. These peaks indicate the intraband 
transition that relates with the energy of absorbed photons 
[38]. At these peaks also, the interband transitions occur 
from the valence band to the conduction band along 
direction of Γ–Z k-points for Ba3SiO, Sr3SiO, and Ca3SiO 
compounds. These transitions involve from Si-p state to Ba-
d in Ba3SiO, Si-p state to Sr-d state in Sr3SiO, and Si-p state 
to Ca-d state in Ca3SiO. 

3.4.2. Energy Loss Function Analysis 

Figure 12 presents the calculated energy loss function of 
X3SiO (X = Ba, Sr, Ca) compounds. In the ultraviolet region 
(>20 eV), the Ba3SiO, Sr3SiO, and Ca3SiO compounds exhibit 
sharp and prominent peaks at 22.23 eV (240.24), at 26.38 
eV (54.94), and at 29.86 eV (444.37), respectively. These 
higher peaks of the energy loss function result from volume 
plasmon oscillations, representing the collective charge 
oscillations and indicating the rapid reduction in reflectance 
[39], while a sharp peak of the energy loss function 
correspond to the absorption of plasmon energy. The 
primary cause of energy loss in these compounds is the 
ambient ionization and oscillation of electrical dipoles [40]. 
In addition, the lower peaks were also observed at 11.36 eV 
(9.57) for Sr3SiO and at 12.14 eV (26.06) for Ca3SiO, which 
are due to surface plasmon oscillation. In the infrared to 
visible region, the energy loss of these compounds shows a 
nearly flat region from 0 eV to 10 eV, indicating a minimum 
energy loss. These results show that these compounds 
experience limited energy dissipation in this region, which 
makes them transparent. For X cation substitution effects 
on the energy loss function, the replacement of Sr2+ to Ba2+ 
to Ca2+ shows an increasing trend in the energy loss 
function. 

3.4.3. Reflection Coefficient Analysis 

Figure 13 illustrates the calculated reflection coefficient of 
X3SiO (X = Ba, Sr, Ca) compounds. At the zero-frequency 
limit, the static optical reflection was determined to be 
approximately 37.11% for Ba3SiO, 33.62% for Sr3SiO, and 
56.62% for Ca3SiO. In the infrared to visible region, the 
reflection curves start at 0 eV and increase to their peaks at 
1.38 eV with 50.88% reflection for Ba3SiO, at 2.96 eV with 
53.31% reflection for Sr3SiO, and at 0.17 eV with 73.01% 
reflection for Ca3SiO. 

The highest reflection peaks of X3SiO (X = Ba, Sr, Ca) 
compounds were observed in the high ultraviolet region 
(>20 eV). Specifically, Ba3SiO shows a peak at 20.54 eV with 
68.89% reflection, Sr3SiO, with 94.60% reflection at 25.61 
eV and Ca3SiO reaches 99.88% reflection at 29.63 eV. These 

highest peaks that are above 21.30% indicate that these 
compounds are highly reflective in this region, which 
suggests their potential for ultraviolet shield application. 
Moreover, these compounds also exhibit low reflection 
(high transparency) in the ultraviolet region, particularly, 
Ba3SiO shows a low reflection from 11 eV to 12.5 eV, Sr3SiO 
around 15 eV and Ca3SiO between 15 eV and 20 eV. For X 
cation substitution, the replacement of Ba2+ to Sr2+ to Ca2+ 

displays an increasing trend in reflection coefficient. 

 

 

 

Figure 12. Energy loss function of  
(a) Ba3SiO, (b) Sr3SiO, and (c) Ca3SiO 



A. Rahim et al. / Structural, electronic, thermoelectric, and optical properties of anti-perovskite X3SiO (X = Ba, Sr, Ca) using the first principle 

method 

490 

 

3.4.4. Absorption Coefficient Analysis 

A high absorption coefficient in solid materials is associated 
with efficient electron transport from the valence band to 
the conduction band, resulting in better optical 
performance [41]. Figure 14 displays the calculated 
absorption coefficient of X3SiO (X = Ba, Sr, Ca) compounds. 
The optical gaps were determined at 0.47 eV, 0.46 eV, and 

0.10 eV for Ba3SiO, Sr3SiO, and Ca3SiO respectively, which 
are validate the semiconductor nature of these compounds. 
The absorption coefficient of these compounds displays a 
maximum peak in the visible region at 3.07 eV with an 
absorption of 6.90 × 107 m–1 for Ba3SiO, at 3.07 eV with an 
absorption of 8.74 × 107 m-1 for Sr3SiO, and at 3.12 eV with 
an absorption of 8.87 × 107 m-1 for Ca3SiO. These peaks 
highlight that these compounds are effective absorber of 
electromagnetic wave in the visible region. 

 

 

 

Figure 13. Reflection coefficient of  
(a) Ba3SiO, (b) Sr3SiO, and (c) Ca3SiO 

 

 

 

Figure 14. Absorption coefficient of  
(a) Ba3SiO, (b) Sr3SiO, and (c) Ca3SiO 
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From absorption coefficient analysis, Ba3SiO, Sr3SiO, and 
Ca3SiO shows a high absorption peaks in ultraviolet region. 
These peaks were determined approximately at 7.30 eV 
with 1.02 × 108 m–1 absorption for Ba3SiO, at 8.10 eV with 
1.03 × 108 m–1 absorption for Sr3SiO, and at 9.26 eV with 
1.43 × 108 m–1 absorption for Ca3SiO. In high ultraviolet 
region (above 18 eV), the absorption peaks reach their 
maximum values at 20.02 eV with an absorption of  
2.30 × 108 m–1 for Ba3SiO, at 24.84 eV with an absorption of 
2.75 × 108 m–1 for Sr3SiO, and at 28.15 eV with an 
absorption of 3.98 × 108 m–1 for Ca3SiO. For correlation of X 
cation substitution, the replacement of Ba2+ to Sr2+ to Ca2+ 
shows an increases trend in absorption coefficient. The 
results indicate the potential of Ba3SiO, Sr3SiO, and Ca3SiO 
for ultraviolet detector. According to Song et al., a high 
absorption coefficient of materials is also advantageous for 
efficient light absorption in thin-film solar cell devices [42]. 
Therefore, these compounds also probable candidates for 
thin-film solar cell devices due to their high absorption 
coefficient. 

3.4.5. Optical Conductivity Analysis 

Optical conductivity describes how material react to an 
electrical field when exposed to electromagnetic wave. 
Figure 15 shows the calculated optical conductivity of X3SiO 
(X = Ba, Sr, Ca) compounds. The real and imaginary parts of 
optical conductivity for these compounds indicate that the 
curves do not begin at 0 eV, which shows that these 
compounds are semiconductor materials. The maximum 
peaks for the real part in the visible region appeared at 
1.79 eV with a conductivity of 438059 S∙m–1 for Ba3SiO, at 
2.85 eV with a conductivity of 590312 S∙m–1 for Sr3SiO, and 
at 3.15 eV with a conductivity of 694493 S∙m–1 for Ca3SiO. 
These peaks are attributed to the interband transitions 
along high symmetry k-points in the electronic band 
structures. The energy range from 0 eV to 3.5 eV is 
corresponds to interband transitions involving the Si-p 
state in the valence band to Ba-d, Sr-d, and Ca-d states in the 
conduction band at Γ–Z k-points. 

In ultraviolet region, the real part of optical conductivity for 
these compounds shows the highest peaks at 14.45 eV with 
a conductivity of 622978 S∙m–1 for Ba3SiO, at 22.65 eV with 
a conductivity of 578056 S∙m–1 for Sr3SiO, and at 27.07 eV 
with a conductivity of 975989 S∙m–1 for Ca3SiO. For the 
effect of X cation substitution, the replacement of Ba2+ to 
Sr2+ to Ca2+ shows an increases trend in optical conductivity. 
Among these compounds, Ca3SiO exhibits the highest 
optical conductivity, implying that the highest absorption 
occurs in this region. These results show that all three 
compounds exhibit higher optical conductivity, making 
these compounds suitable for optoelectronic devices in 
visible and ultraviolet regions. 

3.4.6. Refractive Index Analysis 

The refractive index consists of both a real part, denoted as 
n(ω), which illustrates the propagation of photon wave 
through a solid material in different media, and an 
imaginary part, denoted as k(ω), representing the photon 
wave absorption behavior within the material. Figure 16 

shows the calculated refractive index of X3SiO (X = Ba, Sr, 
Ca) compounds. The refractive index (n) is essential for 
studying solid material to understand the electromagnetic 
wave behavior as it travels through the materials. In 
literature, Islam et al. reported that a high refractive index 
(n) is a key indicator for solid material intended for using in 
optoelectronic device applications [43]. This is because a 
high refractive index is important to bend and slow down 
more the light spectrum in fabricating the optical devices. 

 

 

 

Figure 15. Optical conductivity of  
(a) Ba3SiO, (b) Sr3SiO, and (c) Ca3SiO 
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The static refractive index n(0) is observed at 4.11 for 
Ba3SiO, 3.76 for Sr3SiO, and 7.07 for Ca3SiO. On the other 
hand, the maximum peaks of n(ω) for these compounds 
appeared in the visible region. In particular, Ca3SiO displays 
the highest peak at 2.89 eV with refractive index value of 
3.57 and surpassing the peaks of Ba3SiO and Sr3SiO at 
2.11 eV (2.88) and 2.84 eV (2.90), respectively. These peaks 
occurred in the visible region are attributed to the 
intraband transitions. In this region also, these compounds  
 

 

 

 

Figure 16. Refractive index of  
(a) Ba3SiO, (b) Sr3SiO, and (c) Ca3SiO 

display a high transparency to electromagnetic wave which 
allowing the higher number of light energy photons to 
traverse through solid material. From this analysis, these 
peaks indicate that these compounds possess refractive 
properties in the visible region. The replacement of Ba2+ to 
Sr2+ to Ca2+ for X cation effect show an increases trend in 
refractive index. 

The imaginary part of the refractive index, also referred as 
the extinction coefficient k(ω), measures the reduction in 
incident light as it propagates through solid material. For 
Ba3SiO, Sr3SiO, and Ca3SiO compounds, the extinction 
coefficient started at 0 eV and increases until reaching the 
maximum values in the infrared to visible regions. The 
maximum peaks were determined at 1.83 eV (2.82) for 
Ba3SiO, at 3.04 eV (2.89) for Sr3SiO, and at 0.16 eV (6.29) for 
Ca3SiO, respectively. These peaks represent the points 
where electromagnetic wave experiences the most 
significant reduction as it passes through the materials. 
According to Hong et al., a high refractive index of material 
with n ≥ 1.7 indicate that the material has a considerable 
potential as candidates for photonic and optoelectronic 
devices [44]. 

4. CONCLUSION 

We conducted a first-principles study on anti-perovskite 
compounds to investigate the structural, electronic, 
thermoelectric, and optical properties of X₃SiO (X = Ba, Sr, 
Ca) using generalized gradient approximation with the 
Perdew-Burke-Enzzerhof (GGA-PBE) functional within the 
density functional theory method. The band structure 
analysis shows that the band gaps were determined to be 
0.44 eV, 0.43 eV, and 0.11 eV for Ba3SiO, Sr3SiO, and Ca3SiO, 
respectively. These compounds show a narrow band gap 
under 0.5 eV, which is probable for optical applications. All 
calculated band structures of these compounds were found 
to have semiconducting behavior with direct band gaps at 
k-points. The calculated lattice parameters and band 
structures of anti-perovskite X3SiO (X = Ba, Sr, Ca) were in 
good agreement with previous studies. Based on the Pugh’s 
ratio, these compounds were classified as brittle materials 
with the Pugh’s ratio value less than 1.75. In addition, these 
compounds also exhibited high Young’s modulus, indicating 
considerable stiffness and the ability to withstand 
deformation under compression and tension forces. 
However, their low bulk modulus shows that these 
materials can be compressed under certain high, uniform 
pressures. Furthermore, the stiffness and hardness of the X 
cation increase in trend in order from Ba2+ to Sr2+ to Ca2+. 
For thermoelectric property analysis, the Seebeck 
coefficient, electrical conductivity, thermal conductivity, 
and figure of merit were calculated using the Boltzmann 
transport equation (BTE) in BoltzTrap code. The Seebeck 
coefficient analysis shows that Ca3SiO is a p-type compound, 
while Ba3SiO shows an n-type compound in the 
temperature range of 300 to 650 K and a p-type compound 
above 650 K. Sr3SiO also shows an n-type compound for the 
temperature range of 300 K to 900 K and a p-type 
compound at 1000 K. Ca3SiO has the highest conductivity 
values from 300 K to 1000 K compared to Ba3SiO and Sr3SiO. 
For thermal conductivity analysis, Ca3SiO also shows the 
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highest total thermal conductivity values from 300 K to 
1000 K compared to Ba3SiO and Sr3SiO. For figure of merit, 
Ca3SiO shows the highest values at 300 K and at 1000 K 
compared to Ba₃SiO and Sr3SiO. For optical property 
analysis, dielectric function, absorption coefficient, 
reflection coefficient, optical conductivity, energy loss 
function, and refractive index were analyzed. The maximum 
peaks in the high ultra-violet light energy range (>20 eV) 
suggest that these compounds are excellent reflectors in 
this range. Hence, anti-perovskite X3SiO (X=Ba, Sr, Ca) are 
suitable candidates for ultraviolet shield applications. 
Furthermore, the Ca3SiO compound exhibited high optical 
properties compared to Ba3SiO and Sr3SiO. It showed a high 
dielectric function of 80.46 at 0.10 eV in the infrared region, 
an absorption coefficient of 3.98 × 108 m–1 at 28.15 eV in the 
high ultraviolet region, and a refractive index of 3.57 at 2.89 
eV in the visible region. Among these compounds, Ca3SiO is 
a potential material for thermoelectric and optical 
applications compared to Ba3SiO and Sr3SiO. 
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