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A B S T R A C T   

The functionals mBJ-LDA and mBJ-GGA result in high band gaps. BiGaO3 contains covalent bonds due to the 
mixing of O 2p states with the Bi and Ga s,p states. The Bi breadth PDOS was obviously less in the valence band 
region compared to Ga and O, with fewer peaks than there were for Ga and consequently Ga-O hybridization is 
more powerful than Bi-O hybridization. All optical spectra obtained by using mBJ-GGA and EV-GGA approaches 
have the same profile. At the same energy as the indirect M-X band gap values of 2.24 and 2.56 eV for EV-GGA 
and mBJ-GGA, the imaginary component reaches non-zero magnitude. The increase in temperature from 300 to 
800 K reduces the Seebeck coefficient in BiGaO3 from (3000 to 1500) μV/K. As p-type and n-type ZT have similar 
values, BiGaO3 has the same thermoelectric efficiency whether it is p-type or n-type.   

1. Introduction 

The search for sustainable and environmentally energy resources 
involves the use of thermoelectric materials that convert waste heat into 
electricity. A ferroelectric material with significant piezoelectric re
sponses [3] and high polarizations is bismuth gallium oxide [1,2]. The 
substantial ion off-centering and consequently large ferroelectric po
larization in Bi-based perovskites are caused by the stereochemically 
active 6s2 lone pair on the Bi3+ ions. This material can exist in several 
phases, where we quote the cubic, rhombohedral, orthorhombic, 
monoclinic and tetragonal. BiGaO3 is characterized by smaller reticular 
distances, higher Coulomb forces and quite significant elastic constants 
[4]. By studying the formation of enthalpy, L. Krache et al. quoted a 
transition from the Pcca phase to R3c at a pressure of 5 GPa [4]. Phase 
transitions are brought on by crystal anisotropy and the relative 
displacement of atoms in the R3c phase compared to the Pcca phase. 
Experiment results on BiGaO3 material confirm the pyroxene structure 
with space group Pcca. By using the sol–gel method, the elaborated 

nanocrystalline BiGaO3 films have orthorhombic structure [5]. BiFeO3 
transitions from a rhombohedral to an orthorhombic phase as a result of 
hydrostatic pressure [6]. An indirect band gap value of 2.17 eV was 
measured on BiGaO3 by ellipsometric method, which made it suitable 
for photovoltaic devices. According to ellipsometric tests, BiGaO3 has an 
indirect band gap with a value of 2.17 eV, which made it suitable for 
photovoltaic devices [5]. Sajad Ahmad Dar et al. reported that MBiO3(M 
=Rb, Cs, Tl) were studied as thermoelectric materials [7]. BiGaO3 can be 
synthesized under high temperatures and pressures [8]. The phase 
transitions from pyroxene Pcca to monoclinic cm, monoclinic cm to 
rhombohedral R3c, and R3c to Pnma take place at 3.5 GPa, 5.2 GPa, and 
7.4 GPa, respectively [9]. Piezoelectricity, ferroelectricity, 
anti-ferromagnetism, and super-conductivity are only a few of the useful 
properties of BiGaO3. The difference between our work and others lies in 
the fact that the thermoelectric properties were treated for the first time. 
In addition, this work was characterized by the WIEN2k code, whereas, 
the other works were carried out by CASTEP. Anisotropic behavior of 
BiGaO3’s optical property is discovered [10]. BiGaO3 exhibits optical 
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properties that span the full visible spectrum and a portion of the UV 
spectrum. It is a viable contender for photovoltaic solar cells and opto
electronic devices due to its exceptional carrier mobility and high op
tical performance [11]. The studied compound has a small indirect 
energy gap, which is one of the features interested in studying photo
voltaic. The maximum of optical conductivity is 7500 (Ω.cm)− 1 in the 

field 5 to 15 electron volts, and also the absorption coefficient is 22.5 ×
105 cm− 1 for higher energy. These characteristics make it possible to 
consider this compound as candidate for application as an absorber in 
photovoltaic cells. Our calculation shows that BiGaO3 is intrinsic semi
conductor, its band gap is in the range 1.396–2.855 eV for various 
functionals, this makes them a good contender for optoelectronic and 
photovoltaic applications. BiGaO3 possesses higher Seebeck coefficient 
compared to conventional thermoelectric materials confirming its po
tentiality as a thermoelectric device. Thermoelectric materials are 
considered to be excellent as candidates as energy sources [12]. This 
work describes the effects of functionals on the structural, electronic 
band structures, optical, and thermoelectric properties of BiGaO3 under 
high pressure. We organize the paper such as the calculation detail is 
provided in the Section 2. We present the computed results and discus 
them in the Section 3. We close the paper with brief conclusion in the 
last section. 

2. Calculation model 

The calculations were performed by employing the augmented 
plane-wave plus local orbitals basis functions as embodied in the 
WIEN2k code and GGA+U and LDA+U approximations [13]. The code 
used for calculations of thermoelectric properties is Boltztrap. It was 
written by G.K.H. Madsen and D. J. Singh, as detailed in the Ref. [14]. 

The GGA, mBJ-GGA, EV-GGA, LDA and mBJ-LDA approximations 
are used as potential exchange-correlation in the calculation of the 
structural, electronic, optical and thermoelectric properties [15,16]. The 
exchange potentials that are used in the stationary state as GGA and LDA 
give electronic and optical properties close to the experimental one. 
GGA is the best used in semiconductors, while LDA is used in the study of 
metals. GGA+U, LDA+U, mBJ and HSE06 are used in the excited state. 
The most accurate functional turned out to be the popular modified 
(mBJ-LDA) correlation and (mBJ-GGA) potential [17] followed very 
closely by the GGA high-local exchange (HLE16) and the screened 
hybrid HSE06 [18]. The framwork of density functional theory (DFT) 
with newly developed EV-GGA and EV-LDA. These potentials go beyond 
the LDA and GGA. They show improved energy band gap and optical 
constants [19]. The electronic properties are determined using the 
modified Becke-Johnson approach [20]. The electron-electron correla
tion effect is treated by the DFT+U approximation [21]. The charge 
density and potential are expressed using the spherical harmonic 
expansion with angular moments up to Imax= 10. RMT Kmax = 9 (RMT is 
the smallest of all atomic sphere radii and KMAX is the cutoff of the 
interstitial plane wave) and a sampling of 3000 k-points in the irre
ducible region of the Brillouin zone are used to control the plane-wave 
expansion (BZ). The separation between the core and valence states 
occurs at the energy cut-off value of 8.0 Ry. 0.001 e was used for charge 
convergence. 

Table 1 
The values of RMTxKmax, RMT of each constituent and k-point of BiGaO3 using 
GGA and LDA.  

Compound Approach RMTxKmax RMT 

(Bi) 
RMT 

(Ga) 
RMT 

(O) 
k- 
point 

BiGaO3 GGA 9 2.50 1.73 1.56 3000  

Table 2 
Equilibrium lattice constant, bulk modulus and its pressure derivative and 
cohesive energy of BiGaO3 calculated within GGA and LDA approximations.  

Compound Parameters GGA LDA 

BiGaO3 a (Å) 
B (GPa) 
B’ 

Emin (Ry) 

3.90 
171.7216 
4.4913 
-47502.938267 

3.8152 
209.8554 
4.8329 
-47471.70692  

Fig. 1. Schematic representation of BiGaO3structure.  

Fig. 2. Variation of total energiesas a function of volume for BiGaO3 using(a) GGA and (b)LDA.  
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3. Results and discussions 

3.1. Structural properties 

The structural behavior of BiGaO3 in Pm-3m (221) phase is studied 
using GGA and LDA approximations. The atomic positions of Bi, Ga and 
O are (0,0,0), (0.5,0.5,0.5) and (0,0.5,0.5). Table 1 shows the values of 

RMTxKmax, RMT(Bi), RMT(Ga) and RMT(O) and k-point of BiGaO3 using 
GGA and LDA. The lattice constant, bulk modulus, and its pressure de
rivative are determined using the GGA and LDA techniques and are 
shown in Table 2. Closer to the theoretical GGA (LDA) value of 3.8988 Å 
(3.8147 Å) [4] is the lattice constant. The crystal structure of the Pm-3m 
phase of BiGaO3 is visualized in Fig. 1. We represent in Fig. 2 the volume 
effect on the total energies of BiGaO3 at ambient pressure using GGA and 

Fig. 3. Electronic band structures of BiGaO3using (a) GGA, (b) mBJ-GGA(c)EV-GGA and(d) HSE06functionals.  

Fig. 4. Electronic band structures of BiGaO3 using (a) LDA, (b) mBJ-LDA.  
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LDA. The stability is more pronounced using LDA approach. The LDA 
gives lower lattice constant and high bulk modulus. The formation en
ergy, cohesive energy and tolerance factors ensure the stability of 
compounds in cubic phase [22]. 

3.2. Band structure and density of states 

The results of the electronic band structure of BiGaO3 using GGA, 
mBJ-GGA, EV-GGA and LDA and mBJ-LDA functionals are shown in 
Figs. 3 and 4. All functional bands have a similar shape, and the band 
gap is an indirect M→X. The indirect band gap of BiGaO3 using GGA, 
mBJ-GGA, EV-GGA, LDA and mBJ-LDA are illustrated in Table 3. The 
band gap values in BiGaO3 is 1.015 eV, 1.144 eV and 1.893 eV for GGA, 
spin polarized and HSE functional, respectively [23]. According to the 
bonding characteristics, the energy bands can be classified into a num
ber of areas. mBJ-GGA and mBJ-LDA functionals give a high gap, there is 

no experimental value. The full and partial state densities of BiGaO3 as 
determined using GGA, EV-GGA, mBJ-GGA, LDA and mBJ-LDA are 
shown in Figs. 5 and 6 respectively. The top of the valence band (VB) and 
the bottom of the conduction band (CB) are composed of O-2p states and 
Bi-6p states, respectively. The O-2p density of states at the upper 
valence band is greater for mBJ-GGA and EV-GGA (mBJ-LDA) compared 
with GGA (LDA). We see that the O-2p states have some admixture with 
the Bi-pd and Ga-pd states, leading to certain covalent characteristics in 
BiGaO3. Additionally, the breadth of the PDOS of Bi was obviously less 
in the valence band region than that of Ga and O. Additionally, there 
were fewer peaks than there were for Ga. This shows that Ga-O hy
bridization is more powerful than Bi-O hybridization. Covalent and ionic 
bonding behaviors are combined in BiGaO3’s bonding activity. The co
valent bonding strength of the Ga-O bond is greater than that of the Bi-O 
bond. 

We report the partiel density of states for all atoms in BiGaO3 using 
EV-GGA functional in Fig. 7. The O contribution is due to s and p sites. p, 
d and f sites contribute to Ga and Bi. The first conduction band is vacant 
between Fermi’s level and 3 eV. 

3.3. Optical properties 

Using mBJ-GGA and eV-GGA, Fig. 8 (a)–(h) reports the absorption 
coefficient, optical conductivity, energy loss spectra, real and imaginary 
parts of the dielectric function, reflectivity spectra, refractive index, and 
the extinction coefficient as a function of photon energy for in-plane 
[100] crystallographic direction. In the ultraviolet spectrum between 

Table 3 
The band gap for of BiGaO3 using GGA, mBJ- 
GGA, EV-GGA, LDA, mBJ-LDA and HSE06.  

Functional Band gap 

GGA 1.396 eV 
mBJ-GGA 2.567 eV 
EV-GGA 2.241 eV 
LDA 1.594 eV 
mBJ-LDA 2.855 eV 
HSE06 2.357 eV  

Fig. 5. The total and partial density of states for BiGaO3 using (a)GGA, (b) mBJ-GGA, (c)EV-GGA and (d) HSE06 functionals.  
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5 and 20 eV, BiGaO3 absorbs light. This development confirms its suit
ability for photovoltaic and photonic systems. It is emphasized that 
BiGaO3 has a 22.5 × 105 cm− 1 absorption coefficient, which is a desir
able quality in an absorber material. The maximum of optical conduc
tivity is 7500 (Ω.cm)− 1 obtained in the range 5 to 15 eV. The maximum 
of optical conductivity [7500 (Ω.cm)− 1], the absorption coefficient 
(22.5 × 105 cm− 1) make BiGaO3 as candidate for application as an 

absorber in photovoltaic cells. The photonic band structure of the crystal 
is connected to the characteristics of the energy-loss spectrum. The 
electron’s contact with the crystal results in energy loss. The area of UV 
light is where the electron energy loss is concentrated. All spectra ob
tained by using mBJ-GGA and EV-GGA approaches have the same pro
file. The static real part is 6, 6.7 and 10 for mBJ-GGA, EV-GGA and 
HSE06. It becomes zero at 4, 6 and 6.5 eV for HSE, EV-GGA and mBJ- 

Fig. 6. The total and partial density of states for BiGaO3 using (a)LDA and (b) mBJ-LDA functionals.  

Fig. 7. The partial density of states for (a) Bi, (b) Ga and (c) O atoms usining EV-GGA functional.  
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GGA. The actual dielectric function aids in forecasting the material’s 
nonlinear optical behavior. The static dielectric constant ε1(0) value of 
mBJ-GGA is smaller than that of HSE06, with parallel polarization 
implying smaller conductivity and carrier mobility of mBJ-GGA 
compare to HSE06 [24]. The absorptive capability of such a material 
is represented by the fictitious portion of the dielectric function. We can 
observe that the imaginary component attains non-zero magnitude at 
energy identical of that corresponding to the indirect M-X band gap 
values of 2.24 eV and 2.56 eV for eV-GGA and mBJ-GGA. The optical 
band gap, which is the threshold for the optical transition between VBM 
and CBM, is represented by the first peak of ε2(ω). The origin of the 
absorption peak can be attributed to the electronic transitions from DOS 
spectra. Strong light-matter interactions caused by the presence of 
several van Hove singularities (VHSs) in the DOS increase photon ab
sorption [11]. Due to its low reflectance and strong UV transparency, 
BiGaO3 is suggested for usage in solar cells as it greatly lowers optical 
loss [25]. BiGaO3 shows optical features covering the entire visible re
gion and a part of the UV region as well. The material is not capable of 
photon emission due to the intense peak’s location at 3.5 eV, which 
signals an inter band transition. The first edge value of this quantity was 
0.2 and the magnitude attain the maximum at 25 nm, which was outside 
the visible region, It reaches a number of maximum and minimum peaks 
in the area of UV light. The material’s refractive index gauges how 
transparent it is to incoming spectrum radiation. For EV-GGA and 
mBJ-GGA, the static refractive index is 2.4 and 2.6, respectively. It is 
discovered that BiGaO3 has an anisotropic optical characteristic. 

3.4. Thermoelectric properties 

The figure of merit ZT, which is defined as [25] ZT = GS2T
ke+kph 

whereGis 
the electrical conductance,Sis the Seebeck coefficient, Tis the tempera
ture,keis the electronic part of thermal conductance andkphis the phonon 
contribution of thermal conductance. Strong ZT termoelectric materials 
have low thermal conductivity and high Seebeck and electrical 
conductance. Strong ZT termoelectric materials have low thermal con
ductivity and high Seebeck and electrical conductance. The transport 
properties of BiGaO3 are investigated as a function of the chemical po
tential for three different temperatures (300 K, 600 K, and 800 K). The 
thermoelectric material has lattice stability, a mechanical thermal as 
well a high figure of merit (ZT). Thermal transport coefficients such as 
Seebeck coefficient, electrical condctivity, electronic thermal conduc
tivity, figure of merite, power factor as a function of chemical potential 
at three fixed temperatures T = 300 K, 600 K and 800 K for BiGaO3 using 
mBJ-GGA andEV-GGA are displayed in Figs. 9 (a)–(e) and 10 (a)–(e). 
The amplitude of an induced thermoelectric voltage in response to a 
temperature difference across a material is measured by the Seebeck 
coefficient, also known as thermoelectric sensitivity of a material. The 
flow of current between hot and cold electrodes is started by a material’s 
temperature gradient, and as a result, an electric field and corresponding 
voltage, known as the Seebeck voltage, are created across the two ends. 
The greatest value of Seebeck, which is higher than that of traditional 
thermoelectric material, is 3000 μV/K at 300 K, corresponding toμ =

Fig. 8. The absorption coefficient (a), the optical conductivity (b), the energy loss spectra(c),the real part of the dielectric function(d),the imaginary part of the 
dielectric function(e),the reflectivity spectra(f),the refractive index(g), the extinction coefficient(h) as a function of energy for BiGaO3 using mBJ-GGA; EV-GGA 
and HSE06. 
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±0.7Ry. Regardless of temperature, the Seebeck coefficient exhibits two 
peaks near the Fermi level that are virtually identical in value, demon
strating the isotropic nature of S. A system with a large band gap has a 

high S value because S and Eg are connected by: S ≈ − kB
e

(
Eg

2kBT + 2
)

. The 

substantial value of S in this system is a result of BiGaO3’s broad band 
gap. The increase in temperature from 300 K to 800 K reduces the 
Seebeck coefficient in BiGaO3 from (3000 to 1500) μV/K. For electrons 
and holes two-parabolic bands, where the Seebeck coefficient is slightly 
asymmetric as a result of the mass difference between electrons and 
holes. The total electrical conductivity of the p-type is less than the 
n-type. The overall electrical conductivity curves are less temperature 
sensitive. The use of a material in thermoelectric applications requires 
also a large magnitude of electrical conductivity. The highest electrical 
conductivity is 7 × 107 (Ωms)− 1 obtained at μ = − 1.5Ry . The total 
electronic conductivity of the p-type is less than the n-type. The total 
electronic conductivity curves are sensitive to the temperature. The total 
electronic conductivity increases with increasing temperature. In 
BiGaO3, there is little electonic thermal conductivity. The highest 
kevalue is 10.4 × 102 (mKs) obtained at μ = − 1.5Ryfor T = 800 K. 
According to the Wiedemann Franz law, the thermal conductance ex
hibits a similar pattern to the electrical conductance. Seebeck coefficient 
(electrical and thermal conductance) decreases (increases) with increase 
in temperature [11]. The competition between thermal transmission and 
electronic transfer is evaluated by the thermoelectric figure of merit, ZT 
(total thermal conductivity). Using the relationship ZTe = GS2T

ke
, we 

determined the thermoelectric figure of merit. We notice the presence of 
two plateaus around the Fermi level. BiGaO3 has a small figure of merit. 
The increase in temperature from 300 to 800 K do not reduces the figure 
of merite in BiGaO3. Using a constant relaxation time (τ = 10− 13 s) and a 
constant phonon lattice thermal conductivity, the maximum ZT is 
computed. As p-type and n-type ZT have similar values, this material has 
the same thermoelectric efficiency whether it is p-type or n-type. The 
ratio of the real power absorbed by the load to the visible power flowing 
in the circuit is known as the power factor of a system. The n-type has a 
bigger power factor values than the p-type. The power factor increases 
with increasing temperature. 

4. Conclusion 

We studied the impact of functionals on the structural, electronic 
band structures, optical, and thermoelectric properties of BiGaO3. The 
stability is more pronounced using LDA approach, which gives lower 
lattice constant and high bulk modulus. The bands of BiGaO3 using GGA, 
mBJ-GGA, EV-GGA, LDA and mBJ-LDA have a similar form and the band 
gap is indirect M→X. s and p sites are responsible for the O contribution, 
while Ga and Bi are influenced by p, d, and f sites. BiGaO3 absorbs ul
traviolet light, which validates its candidature for optical and photo
voltaic devices. The static refractive index is 2.4 and 2.6 for EV-GGA and 
mBJ-GGA. The Seebeck coefficient is slightly asymmetric as a result of 
the mass difference between electrons and holes. The total electronic 
conductivity of the p-type is less than the n-type and their curves are 

Fig. 8. (continued). 
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sensitive to the temperature. The power factor increases with increasing 
temperature. 

Novelty statement  

1- The bands of BiGaO3 using GGA, mBJ-GGA, EV-GGA, LDA and mBJ- 
LDA have a similar form and the band gap is indirect M→X.  

2- S and P sites are responsible for the O contribution, while Ga and Bi 
are influenced by P, d, and f sites.  

3- BiGaO3absorbs ultraviolet light, which validates its candidature for 
optical and photovoltaic devices.  

4- The static refractive index is 2.4 and 2.6 for EV-GGA and mBJ-GGA.  
5- The Seebeck coefficient is slightly asymmetric as a result of the mass 

difference between electrons and holes. 

Fig. 9. The Seebeck coefficient (a), electrical condctivity (b), electronic thermal conductivity (c), figure of merite (d), Power factor (e) as a function of chemical 
potential at three fixed temperatures T = 300 K, 600 K and 800 K for BiGaO3 using mBJ-GGA. 
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Fig. 10. The Seebeck coefficient (a), electrical condctivity (b), electronic thermal conductivity (c), figure of merite (d), Power factor (e) as a function of chemical 
potential at three fixed temperatures T = 300 K, 600 K and 800 K for BiGaO3 using EV-GGA. 
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6- The total electronic conductivity of the p-type is less than the n-type 
and their curves are sensitive to the temperature. 
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