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A B S T R A C T   

Bismuth germanium oxide (Bi12GeO20) is one of the attractive members of sillenite compounds having fasci-
nating photorefractive characteristics. The electronic, optical and thermodynamic properties of Bi12GeO20 were 
investigated using density functional theory (DFT) calculations. The experimental and calculated X-ray 
diffraction patterns were obtained as well-consistent with each other. The lattice constant of the cubic crystalline 
structure of Bi12GeO20 compound was calculated as 10.304 Å. The electronic band structure and partial density 
of states plots were reported and contribution of constituent atoms (Bi, Ge, O) to the valence and conduction 
bands was presented. The band gap energy of the Bi12GeO20 was calculated as 3.20 eV. This wide direct band gap 
energy provides Bi12GeO20 significant potential in ultraviolet applications. The spectra of real and imaginary 
components of dielectric function, refractive index, extinction coefficient and absorption coefficient were drawn 
in the 0− 10 eV energy range. Temperature-dependent heat capacity plot indicated the Dulong-Petit limit as 825 
J/mol.K. The results of the present study would present worthwhile information to device application areas of 
Bi12GeO20 compound.   

1. Introduction 

Bi12MO20 (M: Ge, Si, Ti) compounds are known as sillenites and have 
various attractive characteristics utilized in promising technological 
applications like photocatalytic, electro-optical, optical data processing 
and ferroelectric [1–3]. Bi-element belongs to heavy metal group with 
low toxicity and radioactivity. Furthermore, Bi-compounds are utilized 
as fascinating photocatalysts due to their strong visible light response 
[4]. Bismuth germanium oxide formulated as Bi12GeO20 (or simply 
BGO) is one of the members of sillenite group and has favorable pho-
tocatalytic, photoconductivity, photorefractive and piezoelectric prop-
erties [5,6]. BGO has been subject of interest of many papers reporting 
its usage and potential in optical switching, holographic recording, op-
tical information processing and nonlinear optical devices [7–9]. BGO 
having large magneto-optical quality is also known as one of the Faraday 
rotator crystal and this property makes the compound promising in 
sensor systems [10]. 

The structural, optical and electrical properties of BGO have been 
investigated by means of experimental and theoretical studies. The 

crystalline structure of BGO is cubic I23 space group with lattice con-
stant of a =10.416 Å [11]. As seen from Fig. 1, the corner of the cube is 
occupied by GeO4 tetrahedra while Bi-atoms are surrounded by oxygen 
atoms in the cube center. The band gap energy of BGO is accepted 
around 3.2 eV although there are various papers reporting band gap 
energy around 2.6 eV [12]. This disagreeable low gap energy was 
associated with intrinsic defects [13]. The sillenite group compounds are 
described as defective materials and Bi3+ ion in the Ge site (Bi3+Ge ) and 
oxygen vacancies (V+

O ) are the main intrinsic defects in the BGO com-
pound [14]. The spectroscopic ellipsometry investigation presented the 
spectral dependencies of various optical parameters and four interband 
transitions with energies of 3.49, 4.11, 4.67 and 5.51 eV were revealed 
[11]. Dielectric resonator measurements were performed on BGO ce-
ramics to reveal microwave dielectric characteristics of the compound 
[15]. Relative permittivity, resonant frequency and quality factor pa-
rameters were reported as 37.0, -32.8 ppm/oC and 3137 GHz, respec-
tively. The cathodoluminescence spectrum presented two emission 
bands around 500 and 620 nm while photoluminescence spectrum 
exhibited peaks around 450 and 640 nm [16]. The heterostructures 
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formed by BGO have been designed and photocatalytic degradation 
characteristics of organic pollutants have been studied [17,18]. 

BGO has been used in various attractive optoelectronic applications. 
Therefore, revealing its characteristics takes remarkable attention from 
the standpoint of research interest. The aim of the present paper is to 
present detailed information about the electronic, optical and thermo-
dynamic properties of BGO using density functional theory (DFT) cal-
culations which have been attractive method to reveal structural, 
optical, dielectric, electrical, magnetic and thermodynamic properties of 
the compounds [19–22]. In the literature, there are a few papers con-
cerning DFT calculations on the BGO. The effect of antisite defects on the 
electronic and optical properties of the compound was studied by means 
of DFT [6]. Pure and alkaline earth doped BGO photocatalysts were 
investigated by DFT to get especially electronic band structure of the 
studied compounds [23]. In another DFT study on BGO, bonding and 
electronic structures of sillenites were reported [24]. The present paper 
reports for the first-time calculated x-ray diffraction pattern, spectral 
dependencies of complex dielectric function, refractive index, extinction 
coefficient, reflectivity, absorption coefficient and loss function, tem-
perature and pressure dependent thermal expansion coefficient and heat 
capacity. These calculated characteristics would contribute especially to 
the device applications of the BGO compound. The calculated charac-
teristic parameters were compared with previously reported values 
determined from both experimental and theoretical studies. 

2. Calculation details 

The calculations presented throughout the paper were carried out by 
the self-consistent density functional theory (DFT) with a plane-wave 
pseudopotential approach implemented in the Cambridge Serial Total 
Energy Package (CASTEP) [25]. The norm conserving pseudopotentials 
[26] were utilized by considering the electron-ion interaction. Also, the 
self-consistent field calculations were performed using Broyden, 
Fletcher, Goldfarb and Shannon (BFGS) method [27]. The 
exchange-correlation functional was described using Perdew, Burke and 
Ernzerhof (PBE) type pseudopotentials within the framework of gener-
alized gradient approximation (GGA) based on DFT in which 
Kohn-Sham equations are solved numerically and iteratively [28–31]. 
The cut off energy for the plane waves was taken as 830 eV and a gamma 
centered grid [32] was used to get k-points as 4 × 4×4. Furthermore, the 
convergence was carried out until maximum force on each ion is smaller 
than 0.01 eV/Å and the energy tolerance on each ion is smaller than 5.0 
× 10− 6 eV/atom to optimize the process. In addition, the GGA method 
does not accurately define the strongly correlated electron systems and 
the GGA + U method that includes on site Coulomb interaction with an 
effective Hubbard parameter was carried out with the U parameters as 3, 
3.5 and 3.5 for Bi, Ge and O atoms, respectively. The valence electron 
configurations were taken as 5d106s26p3, 4s24p2 and 2s22p2 for Bi, Ge 
and O atoms, respectively. 

3. Results and discussions 

3.1. Structural and electronic properties 

The crystalline structure of the BGO was investigated by calculating 
the x-ray diffraction (XRD) pattern and corresponding lattice parameter. 
Fig. 2 presents the calculated and experimentally recorded XRD pat-
terns. The experimental pattern was obtained by performing the XRD 
measurements on BGO crystal presented in the Fig. 2. As seen, the 
revealed diffraction pattern is well-consistent with experimentally 
observed peaks and both XRD pattern presents the strongest peak 
around 27.85◦ belonging to (310) plane. XRD diffraction peaks are re-
sults of constructive patterns forming due to parallel planes. In Fig. 2, 
XRD pattern of bulk crystal presented less peaks compared to that of 
theoretical calculations. The reason of observing less peaks in bulk 
crystals is result of the fact that the orientation of number of parallel 
planes is limited in the XRD experiments. However, theoretical calcu-
lations are not restricted due to this point and provide more possibility 
to reveal presence of parallel planes. The calculations indicated the 
crystalline structure as cubic with lattice constant of a =10.086 Å and 
10.103 Å that are obtained with GGA-PBE and GGA + U methods, 
respectively. Both calculated lattice parameters are acceptable and in 
good agreement with reported value of a =10.146 Å in Ref. [33]. 
However, the electronic and optical behaviors of Bi12GeO20 determined 
using GGA + U method is more consistent with the experimental results 
like band gap. The band gap energy of the BGO was calculated from 
GGA-PBE and GGA + U methods as 2.38 and 3.21 eV, respectively, as 
will be discussed in the forthcoming section. The accepted band gap 
energy of the BGO in the literature is around 3.20 eV. Since the results of 
GGA + U method is consistent with accepted ones, the calculations 
presented in the following sections were accomplished considering this 
method. 

Thermodynamic stability of the BGO compound was investigated 
calculating the formation energy (ΔEf) using the following relation 

ΔEf = Et(Bi12GeO20) − [12EBi + EGe + 20EO] (1)  

where Et corresponds to the total energy of the unit cell and EM sym-
bolizes the ground state energy of one M atom (M: Bi, Ge, O) in its bulk 
crystalline structure. ΔEf was calculated using the Eq. (1) as –1.283 eV/ 
atom. The calculated negative energy indicates that BGO is stable from 
the standpoint of thermodynamic behavior. Since BGO was grown as 
single crystal form as shown in the inset of Fig. 2, the calculated negative 
energy is reasonable and supported by synthesizability property of the 
compound. 

The calculated electronic band structure and density of states (DOS) 

Fig. 1. Crystal structure of Bi12GeO20 sillenite.  

Fig. 2. XRD patterns of Bi12GeO20 from DFT calculations and experimental 
data and used BGO crystal for XRD measurements. 
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plots are shown in Fig. 3. The valence band maximum and conduction 
band minimum are at the Γ point in the Brillouin zone and they are 
separated by 3.20 eV energy. That means BGO has direct band gap en-
ergy of 3.20 eV. DOS graph indicates that O-atoms (Bi-atoms) dominate 
the valence (conduction) band. The effect of Ge-atoms is remarkably 
smaller on both bands. The partial DOS plots are represented in Fig. 4. In 
the below Fermi level, most appreciable contribution is given by p-states 
of O-atoms. When the DOS plot was looked through in the above band 
gap energy region, it is seen that p- and d-states of Bi-atoms provide the 
most significant contribution. 

3.2. Optical properties 

One of the significant optical characteristics of compounds is 
dielectric constant which expresses the efficiency of a compound to store 
electrical charge. The complex dielectric function has real (εreal) and 
imaginary (εimg) components. The imaginary component is related to 
measurement of energy absorption in a material while real component 
indicates ability of compound to store electric charge. Knowing the 
energy dependencies of these components provide significant informa-
tion to predict the behavior of the material subjected to a specific light. 
DFT calculations were accomplished on BGO to reveal its various optical 
properties. The spectra of components of dielectric function 
(ε = εreal + iεimg) were plotted in the 0− 10 eV range as shown in Fig. 5. 
The following points were interpreted from the presented spectra.  

• The energy dependence of εreal is exponential (normal dispersion) in 
the below band gap energy region. The εreal spectrum has a sharp 
peak at 4.32 eV and a decrease after this energy could be seen from 
Fig. 5. The decrease of real component with increasing energy above 
4.32 eV is called as the anomalous dispersion behavior.  

• The εreal spectrum has negative values between 6.50 and 9.86 eV. 
This indicates metallic like character of BGO and electromagnetic 
waves do not propagate in this energy range [34]. It is a well-known 
metallic behavior that materials screen the applied external electric 
field at frequencies higher than plasma frequency. This results in 
negative real component values.  

• The frequencies corresponding to εreal = 0 describes the maximum 
absorption and absence of dispersion processes [34].  

• The εimg spectrum is zero below the 3.21 eV and compound is 
transparent below this energy value. Since semiconductors are 
transparent below the band gap energy, this energy value is defined 
as the band gap energy of the compound (Eg =3.21 eV). The semi-
conductors having band gap energy higher than ~3.0 eV are classi-
fied as wide band gap semiconductors. BGO belongs to this group 
and the wide band gap characteristics of the compound is suitable for 

optoelectronic applications utilizing absorption or emission of ul-
traviolet light. The imaginary component spectrum indicates sharp 
peaks around 4.97 and 6.38 eV. The peak positions in the εimg 
spectrum are previously related with critical point energies corre-
sponding to energies at which strong photon absorption takes place 
[35]. Moreover, critical point (interband transitions) energies were 
reported from the analyses of ellipsometry measurements as 3.49, 
4.11, 4.67 and 5.51 eV [11]. In the same paper, band gap energy was 
found as 3.18 eV. Taking into account these values, the band gap 
value is consistent with the previous studies. The band gap energy of 
BGO was previously reported in many experimental and theoretical 
papers. There are two distinctive gap energy values for the com-
pound. Spectroscopic ellipsometry [11], UV–vis diffuse reflectance 
[12] and density functional theory [12] studies revealed Eg around 
3.2 eV while optical absorption [13] and transmission [36] studies 
presented the Eg around 2.6 eV. The calculated band gap energies in 
the present paper are well-consistent with former one. The reason of 
difference between two Eg values was explained considering the 
presence of defect centers in BGO. The antisite and oxygen vacancies 
in the BGO provide defect center in the forbidden gap [14]. This 
energy level gets an effective role in the absorption processes. 

The spectra of refractive index (n), extinction coefficient (k), reflec-
tivity (R), absorption coefficient (α) and loss function (L) were plotted 
under the light of spectra of dielectric function and following relations 
[35] 

n =

[(
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(

ε2
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img

)1/2
)/

2
]1/2

(2)  
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2
]1/2
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(4)  

α =
4πk

λ
(5)  

L = Im( − 1/ε) (6) 

Fig. 6 shows the spectra of interest optical parameters and following 
points were interpreted from the presented spectral dependencies.  

• The refractive index shows normal dispersion behavior in the below 
band gap energy (hv < Eg) region while other calculated parameters 

Fig. 3. Electronic band structure and partial density of state plots of Bi12GeO20.  

Fig. 4. Partial and total DOS plots of Bi12GeO20.  
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are zero in this transparent region as expected according to theory 
[35]. 

• Refractive index takes value ~1.6 at E = hv = 0. This value corre-
sponds to static refractive index of the BGO compound.  

• Absorption coefficient is in the order of 104 around the absorption 
edge. This high absorption coefficient points out the direct band gap 
energy characteristics of the compound.  

• The loss function represents the energy loss of fast electrons 
traversing the compound. The maxima observed in the loss function 
spectrum are related to the existence of plasma oscillations [37]. 

3.3. Thermodynamic properties 

Thermodynamic properties of BGO were obtained performing the 
calculations using quasi-harmonic Debye model. Heat capacity (CV) and 
thermal expansion coefficient were determined in the 0− 1000 K tem-
perature range and at different pressures between 0− 20 GPa. Fig. 7a and 
b represents the interest plots. A clear exponential dependency is 
observed for temperature-dependent heat capacity plot. In the high 
temperatures, CV reaches to the Dulong-Petit limit which is equal to 825 
J/(mol.K). In the low temperatures, heat capacity vs. temperature 

dependency obeys the relation of CV∝ T3. Temperature dependent 
thermal expansion plot given in Fig. 7b also exhibits exponential char-
acteristics. In the low temperature region (T < 200 K), temperature in-
crease results in remarkably increase in the thermal expansion 
coefficient. However, the increase is relatively small in the high tem-
peratures. Although, the change of pressure does not significantly affect 
the heat capacity, the increase of pressure provides a remarkable in-
crease in the thermal coefficient. As a further investigation, pressure and 
temperature dependencies of unit cell volume were plotted as given in 
Fig. 8. As expected according to theory, there exist direct and indirect 
relations between volume-temperature and volume-pressure, 
respectively. 

4. Conclusion 

One of members of sillenites family, Bi12GeO20, was studied by DFT 
calculations to investigate its structural, electronic, optical and ther-
modynamic properties. XRD pattern of the compound was presented and 
lattice parameter of the cubic crystalline structure was determined as 
10.304 Å. Most intensive diffraction peak was observed for (310) plane. 
Total and partial DOS plots indicated that O-atoms and Bi-atoms 

Fig. 5. Spectra of (a) real and (b) imaginary components of complex dielectric function.  

Fig. 6. Spectra of (a) refractive index (n) and extinction coefficient (k), (b) reflectivity, (c) absorption coefficient and (d) loss function.  
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dominate valence and conduction bands, respectively. The gap energy 
difference between delocalized bands were calculated as 3.20 eV. 
Complex dielectric function, refractive index, extinction coefficient and 
absorption coefficient spectra were reported in the 0− 10 eV range. The 
band gap energy was obtained as 3.21 eV from the spectra of extinction 
coefficient and absorption coefficient. The revealed band gap energy 
value is well-consistent with previously reported energies from experi-
mental and theoretical studies. Heat capacity was observed as reaching 
to 825 J/(mol.K) at high temperatures while temperature-heat capacity 
relation obeyed the CV∝ T3 dependency characteristics in the low 
temperature region. 
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