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H I G H L I G H T S  

• Bi12SiO20 (BSO) compound was investigated by density functional theory calculations. 
• The electronic, optical and thermodynamic characteristics of BSO were reported. 
• The electronic band structure and density of state plots were presented in detail. 
• The spectral dependencies of various optical parameters were plotted.  
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A B S T R A C T   

Bi12XO20 (X: Si, Ge, Ti) ternary semiconducting compounds are known as sillenites and take a remarkable 
attention thanks to their attractive photorefractive properties. The present paper reports electronic, optical and 
thermodynamic characteristics of Bi12SiO20 by means of density functional theory (DFT) calculations. The 
crystalline structure of the compound was revealed as cubic with lattice constant of 10.135 Å. XRD pattern 
obtained from DFT calculations were compared with experimental data and there is a good consistency between 
them. The electronic band structure and density of state plots were presented in detail. The band gap energy of 
the compound was determined from electronic band structure and spectra of optical constants. The spectral 
dependencies of real and imaginary components of dielectric function, refractive index, extinction coefficient, 
absorption coefficient and loss function were plotted in the 0–12 eV spectral range. The revealed structural, 
electronic and optical characteristics were discussed taking into account the previously reported theoretical and 
experimental studies on the Bi12SiO20 sillenite.   

1. Introduction 

Bi12XO20 (X: Si, Ge, Ti) sillenite compounds have been attractive due 
to their various fascinating properties like photorefractive, photocon-
ductivity, piezoelectric, optical activity [1–3]. These outstanding char-
acteristics make them potential candidates for hologram recording, 
photocatalysts, signal processing, acoustic, image amplification, optical 
data processing and interferometry applications [4–7]. Bi12SiO20 
(abbreviated as BSO) is one of the members of this sillenite family and 
have been a subject of interest due to its high electrical resistivity, wide 
band gap energy, high photorefractive sensitivity, high photocatalytic 
activity and long holographic storage times [8–10]. 

BSO belongs to I23 space group and crystallizes in cubic structure 
with lattice parameter of a = 1.0105 nm [8]. In the crystalline structure, 
SiO4 tetrahedra locates on the corners and at the cube center while each 
Bi-atom is surrounded by seven O-atoms. Fig. 1 represents the crystal 
structure of BSO compound. BSO has been investigated theoretically and 
experimentally to get detailed information about its characteristic ap-
plications and potential usage applications. Theoretical studies pre-
sented the energy band structure and bonding properties [11,12], 
Raman frequencies [8], energetic properties of antisite defects [13] and 
elastic properties of BSO [14]. Experimental studies revealed the various 
structural, optical, electrical and photocatalytic properties of the com-
pound. X-ray diffraction pattern of BSO single crystals presented seven 
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diffraction peaks associated with cubic crystalline structure [9]. Two 
different band gap energies were reported for BSO compound; one of 
them is around 2.3 eV and other one is around 3.2 eV [15–17]. The 
reason of large unaccepted difference between these calculated and/or 
determined energy values was explained taking into account the defect 

centers in BSO [18,19]. Members of Bi12XO20 sillenite family are known 
as defective materials and defect centers in the compounds take a 
remarkable role in the absorption processes. The critical point energies 
of 3.54, 4.02, 4.82 and 5.58 eV were reported from the analyses of 
ellipsometry measurements [9]. The spectral dependencies of various 

Fig. 1. Crystal structure of Bi12SiO20 sillenite.  

Fig. 2. XRD pattern of Bi12SiO20 obtained from DFT calculations and experimental data.  
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optical constants were also drawn in the 1.2–6.2 eV spectral range. BSO 
material exhibits p-type conductivity and has electrical resistivity of 5.0 
× 1013 Ω cm and electron mobility of 4.5 × 10− 3 cm2V− 1s− 1 [20]. 

Although theoretical studies have presented various characteristics 
of the BSO, there are still unrevealed properties of the compound. The 
aim of the present paper is to investigate electronic, optical and ther-
modynamic properties of the BSO by means of density functional theory 
(DFT) calculations. Electronic band structure and density of states were 
plotted and lattice parameter of the compound was determined. Spectral 
dependencies of complex dielectric function, refractive index, extinction 
coefficient, absorption coefficient and loss function were reported for 
the first time as optical characterization of the ternary sillenite. Tem-
perature and pressure dependent volume, thermal expansion and heat 
capacity values were plotted in the 0–20 GPa pressure and 0–1000 K 
temperature ranges. To the best of our knowledge, the calculated ther-
modynamic characteristics have not been reported up to now. The re-
sults of the present paper would remarkably provide valuable 
information to literature to look at the BSO sillenite in a detailed 
standpoint. 

2. Calculation details 

All the simulations in the present paper were performed by the self- 
consistent density functional theory (DFT) with a plane-wave pseudo-
potential approach implemented in the Vienna Ab-initio Simulation 
Package (VASP) [21,22]. The electron-ion interaction was considered 
with the Projected Augmented Wave (PAW) method [23]. The 
exchange-correlation functionals have been described using Perdew, 
Burke and Ernzerhof (PBE) [24] type pseudopotentials within the 
framework of generalized gradient approximation (GGA) based on 
density functional theory (DFT) [25] in which Kohn-Sham equations are 
solved numerically and iteratively [26,27]. Furthermore, the hybrid 
functional Heyd-Scuseria-Ernzerhof (HSE) method [28] is employed in 

order to prevent the underestimation resulted from the GGA-PBE 
method. For the HSE method, the screened HSE06 hybrid functional is 
taken with the screening parameter of 0.2 Å− 1 and 25% of the exact 
non-local Hartree-Fock exchange is mixed into the exchange part [29]. 
Also, the van der Waals interactions are employed to consider the 
non-bonding interactions [30]. The cut off energy for the plane waves 
was taken as 830 eV and a gamma centered grid [31] has been used to 
obtain k-points as 8 × 8 × 8 k-points since these parameters presented 
the optimum calculation results. Also, Methfessel–Paxton [32] type 
smearing method has been applied on fermionic occupation function 
with 0.01 eV smearing width. For the optimization process in which the 
atomic positions of the atoms in compositions are fully relaxed, the 
quasi-Newton technique has been performed until maximum force on 
each ion are smaller than 10− 10 eV/Ǻ. Also, iteration steps have been 
chosen 10− 11 eV per unit cell to perform convergence for energy in 
successive iteration. Also, the thermodynamic properties are determined 
using the GIBBS code [33] with the density as 9.384 g/cm3 and the 
Poisson’s ratio as 0.275. Finally, the calculations based on the 
Bethe-Salpeter equation (BSE) [34,35] including the electron-hole 
interaction (excitonic effect) that is absent in DFT and GW approaches 
have been carried out to investigate the optical properties. 

3. Results and discussions 

3.1. Structural properties and electronic structure 

BSO sillenite compound belongs to I23 space group and crystallizes 
in cubic structure. The optimization of the compound according to these 
structural characteristics has been successfully carried out. The calcu-
lations performed for structural characterization resulted in lattice 
parameter of a = 10.135 Å belonging to the cubic crystalline structure. 
This calculated lattice constant is well-consistent with reported value of 
a = 10.107 Å determined from analyses of experimental XRD pattern [9] 

Fig. 3. Electronic band structure and partial density of state plots of Bi12SiO20 calculated with HSE06 method.  
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and a = 10.105 Å [14] and 10.387 Å [36] calculated from theoretical 
studies. Fig. 2 indicates the XRD patterns obtained from DFT calcula-
tions and experimental studies [9]. The observed peaks in the experi-
mental data are in good agreement with revealed pattern. The most 
intensive peak was observed around 27.50◦ corresponding to (310) 
plane. XRD diffraction peaks appear due to constructive patterns formed 
due to parallel planes. In Fig. 2, XRD pattern of bulk BSO crystal 
exhibited less diffraction peaks compared to that of calcuated pattern. 
The reason of observing a few peaks in bulk compounds is due to the fact 
of that the orientation of number of parallel planes in the bulk crystals is 
limited in the XRD experiments. However, theoretical DFT calculations 
are not restricted from this point and present more parallel planes. 

The formation energy (ΔEf) of BSO compound was calculated taking 
into account the following expression [37]. 

ΔEf =Et(Bi12SiO20) − [12EBi +ESi + 20EO] (1) 

In Eq. (1), Et symbolizes the total energy of the unit cell of BSO 
compound while EX describes the ground state energy of one X atom 
(where X: Bi, Si, O) in its bulk crystalline form. The formation energy 
was calculated as − 1.382 eV/atom. The negative formation energy is 
associated with thermodynamical stability behavior of the BSO com-
pound that indicates the synthesizability of this compound. 

Fig. 3 represents the electronic band structure and density of states 
(DOS) plots of BSO compound calculated with the HSE06 functional and 
Figs. S1 and S2 in the Supplementary File were calculated with the GGA- 
PBE method. As seen from Figure, valence band maximum and con-
duction band minimum are at the same point Γ in the Brillouin zone. The 
difference between them was calculated as 3.203 eV. Thus, this obser-
vation points out that BSO has direct band gap characteristics with a gap 
energy of 3.203 eV. However, the GGA-PBE method underestimates the 
band gap as 2.35 eV that can be seen from Fig. S1. The band gap energy 
of BSO was previously reported according to analyses of various 
experimental data. The analyses of ellipsometry [9] and transmission 
[15] experiments performed on BSO single crystals resulted in band gap 
energies of 3.25 and 2.48 eV, respectively. The absorption coefficient 

analyses presented the band gap energy as 2.2 eV in Ref. [17]. Also, the 
theoretical electronic band structure calculations presented the band 
gap energies as 2.85 eV with mBJ method and 1.91 eV with GGA-PBE 
method [36] and 2.42 eV with GGA-PBE method [11]. Our revealed 
band gap energy is well-consistent with values determined around 3.2 
eV. The large difference between accepted energy of 3.2 eV and reported 
energies around 2.3 eV was explained in Ref. [38] taking into account 
the presence of intrinsic defect centers. A detailed investigation of effect 
of defects in Bi12MO20 (M: Ge, Si, Ti) sillenite crystals was previously 
accomplished using DFT calculations [13]. The electronic structures 
were calculated and DOS plots were reported for perfect and defective 
systems. The band gap energy of BSO (~3.2 eV) corresponds to the UV 
region. In Ref. [13], it was stated that visible light absorption by sillenite 
crystals is associated with BiM antisite defects and presence of defects 
reduces the band gap energy. Moreover, defect levels in BSO single 
crystals were investigated by thermoluminescence measurements [19]. 
The analyses of thermoluminescence glow curves pointed out the pres-
ence of a defect center around 0.81 eV [19]. Therefore, the calculated 
energies around 2.3 eV are associated with transition taking place be-
tween conduction band and defect center. It is known that semi-
conducting compounds with direct band gap energy are efficient 
photocatalysts since they have effective electron-hole excitation [39]. As 
it is known BSO exhibits fascinating photocatalysis characteristics. 

DOS plot indicates the contribution of constituent atoms (Bi, Si, O) to 
the valence and conduction bands. As seen, O-atoms dominate valence 
band maximum while Bi-atoms dominate conduction band minimum. 
Fig. 4 represents the partial DOS plots in detail. The p-states of O-atoms 
provide the most remarkable contribution to the DOS between − 5 and 0 
eV. There exists a gap between 0 and 3.203 eV due to semiconducting 
characteristics of the BSO compound. Above the band gap energy region, 
d-states of Bi-atoms make significant contribution to the DOS. In addi-
tion, there are strong hybridizations between p-states of O, Si and Bi 
atoms in − 5 to − 3 eV while the strong hybridizations are occurred be-
tween p-states of O atoms and s-states and p-states of Bi atoms in − 3 to 0 
eV. 

Fig. 4. Partial and total DOS plots of Bi12SiO20 calculated with HSE06 method.  
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The Bader partial charges were calculated for BSO using VASP and 
analyzed using the Bader charge analysis program [40]. The negative 
Bader partial charge indicates the charge transfer to the atom whereas 
the positive one indicates the charge transfer away from the atom. The 
BSO compound has 24 Bi atoms, 2 Si atoms and 40 O atoms in the 
primitive cell and the total Bader partial charge (in units of e) of Bi, Si 
and O atoms are 37.44, 3.82 and − 41.28, respectively. So, the charge is 
transferred from Bi and Si atoms while the charge is transferred to the O 
atoms. Furthermore, Fig. 5 indicates the electron-density distribution for 
Bi12SiO20 compound along (100) and (111) planes. As seen from the 
figure, Bi12SiO20 sillenite exhibits dominantly ionic bonding character-
istics. Also, the Poisson’s ratio was obtained as 0.27 in Ref. [11] that also 
indicates the dominantly ionic bonding as consistent with the obtained 
electron density distribution in this study. 

3.2. Optical properties 

Spectral dependencies of various optical parameters of BSO were 
obtained from the frequency dependent dielectric function [41,42] and 
were plotted in the 0–12 eV range. Fig. 6 presents plots associated with 
real (εreal) and imaginary (εimg) components of dielectric function 
(ε= εreal +iεimg) obtained with HSE06 method. In addition, the real and 
imaginary parts of the dielectric function obtained with GGA-PBE 
method were plotted in Fig. S3. As seen from Fig. 6, the εreal decreases 
almost exponentially when the energy was decreased from 4.1 to 0.0 eV 

and intersects the εreal-axis around 5.42. This observation states that low 
frequency (υ = 0) dielectric constant of BSO is given as ε0 = 5.42. The 
imaginary component takes zero below the ~3.332 eV. Since semi-
conductors are transparent below the Eg, εimg is theoretically zero in the 
hυ < Eg region. Therefore, this energy is associated with band gap en-
ergy. The band gap values from the electronic band calculations (3.203 
eV) and optical calculations (3.332 eV) are consistent. The critical point 
(CP) energy also called as interband transition energy refers to the en-
ergy difference between bands through which photons are transferred in 
the band structure. The peak positions in the εimg spectrum are associ-
ated with CP energies [43]. The first four peaks were observed around 
3.81, 4.02, 4.78 and 5.66 eV. In our previous paper, CP energies of BSO 
compound were determined from the analyses of spectroscopic ellips-
ometry data as 3.54, 4.02, 4.82 and 5.58 eV [9]. These energies show a 
very well consistency with peak positions in Fig. S3b. 

The optical parameters of εreal and εimg may be utilized to calculate 
refractive index (n), extinction coefficient (k), absorption coefficient (α) 
and loss function (L) using the following expressions [43]. 

n=
[(

εreal +
(

ε2
real + ε2

img

)1/2)/
2
]1/2

(1a)  

k=
[(

− εreal +
(

ε2
real + ε2

img

)1/2)/
2
]1/2

(2)  

Fig. 5. Electron density distribution of Bi12SiO20 along the (100) and (111) planes.  

Fig. 6. Spectra of (a) real and (b) imaginary components of complex dielectric function.  

M. Isik et al.                                                                                                                                                                                                                                     



Materials Chemistry and Physics 267 (2021) 124711

6

α=
4πk

λ
(3)  

L= Im(− 1 / ε) (4) 

Fig. 7 indicates the spectra of plots taking into account the spectra of 
εreal, εimg and these equations obtained with HSE06 method and Fig. S4 
shows the plots obtained with GGA-PBE method. The n-spectrum reveals 
the zero-frequency refractive index (n(0)) as nearly 2.33. The extinction 
coefficient behaves similarly with the imaginary part of the dielectric 
function and the extinction coefficient starts after the threshold energy 
as 3.306 eV and takes the highest value as 1.863 at 8.043 eV. The ab-
sorption coefficient takes values in the order of 105 cm− 1 around the 
absorption edge. The high absorption coefficient value is associated with 
direct band gap energy characteristics of the BSO compound. This point 
supports the observed direct transition characteristics in the electronic 
band structure. The energy loss of a fast electron is represented with the 
loss function and as can be seen from Fig. 7, the loss function gets higher 

values for higher photon energies. 

3.3. Thermodynamic properties 

Thermodynamic characteristics of BSO compound was also calcu-
lated using quasi-harmonic Debye model [44]. Temperature dependent 
heat capacity (CP) and thermal expansion plots were presented in Fig. 8a 
and b, respectively, at various pressures between 0 and 20 GPa. Heat 
capacity vs. temperature dependency exhibits exponential behavior and 
as temperature was increased above ~600 K, heat capacity reaches to 
the Dulong-Petit limit and gets value of ~820 J/(mol.K). Temperature 
vs. heat capacity behavior was previously investigated by experimental 
studies [45]. It was reported that as temperature was increased from 343 
to 1093 K, heat capacity in a formula unit increases as an exponential 
behavior from 694 to 890 J/(mol.K). The high temperature heat ca-
pacities revealed in the present paper and in Ref. [45] may be thought as 
consistent with each other taking into account the applied research 
techniques and possible errors in present and Ref. [45] studies. In the 

Fig. 7. Spectra of (a) refractive index (n), (b)extinction coefficient (κ), (c) absorption coefficient (I) and (d) loss function (L).  

Fig. 8. Temperature-dependent (a) heat capacity and (b) thermal expansion coefficient at various pressures.  
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low temperature region, heat capacity exhibits T 3-dependency. Tem-
perature dependent thermal expansion coefficient plots also exhibit 
exponential behavior. Thermal expansion coefficient increases rapidly 
in the T < 200 K region and increase above this temperature is rather 
slow. It is also seen from the plot that increase of pressure results in 
decrease in coefficient values. 

Temperature and pressure dependent volume plots are presented in 
Fig. 9a and b, respectively. Unit cell volume is around 7380 Bohr3 at 
room temperature and 0 GPa. Volume increases with temperature 
increment as expected. Volume depends remarkably on pressure as 
shown from Fig. 9b and volume-pressure dependency was observed as 
exponential. 

4. Conclusion 

Structural, electronic, optical and thermodynamic characteristics of 
Bi12SiO20 compound were investigated using density functional theory 
calculations. The crystalline structure of the material was found as cubic 
with lattice constant of 10.035 Å. The revealed negative formation en-
ergy of − 1.382 eV/atom pointed out that BSO compound is thermody-
namically stable. Total and partial density of state plots showed that s- 
states of O-atoms significantly contribute to the DOS in the bands below 
the valence band. Bi-atoms dominate in the conduction bands. Spectral 
dependencies of refractive index, extinction coefficient and complex 
dielectric function were presented throughout the paper. Band gap en-
ergy was determined as 3.203 eV from the electronic band structure with 
the HSE06 method and 3.306 eV from extinction coefficient spectrum. 
This wide direct band gap energy of BSO provides the compound a 
remarkable potential in photocatalysis and ultraviolet applications. The 
difference in between the band gap values determined from each 
calculation is due the BSE calculations in optical properties. The zero- 
frequency (v = 0) dielectric constant and refractive index were found 
as 5.42 and 2.33, respectively. Temperature and pressure dependencies 
of thermodynamic characteristics like heat capacity, thermal coefficient 
and unit cell volume were presented in detail. 
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