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Abstract. The structural, mechanical, electronic, thermodynamic, optical, and thermoelectric 

properties of zinc germanate (ZnGeO3) and cadmium germanate (CdGeO3) are theoretically 

predicted using first-principles calculations based on density functional theory (DFT). We 

examined the crystal and electronic band structures, as well as optical and thermoelectric 

properties. Both compounds have the perovskite structure with lattice parameters of 3.68 Å 

for ZnGeO3 and 3.74 Å for CdGeO3. The ZnGeO3 is more stable, with a minimal energy of 

15832.079 Ry versus 15832.062 Ry for CdGeO3. The electronic band structure shows 

direct bandgaps of 2.8 eV for ZnGeO3 and 3.1 eV for CdGeO3, confirming their 

semiconducting nature. The calculated optical properties include the dielectric function and 

absorption coefficient. CdGeO3 has higher absorption peaks within the UV range. 

Thermoelectric performance is moderate, with the figure of merit values of 0.53 for 

ZnGeO3 and 0.59 for CdGeO3 at room temperature. These compounds show promise for 

optoelectronic applications, while their thermoelectric efficiency remains limited. 
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1. Introduction 

Given increasing global energy demand, the rapid deple-

tion of natural resources, and their adverse environmental 

impacts, research into green, cost-effective, sustainable, 

and clean energy solutions has become crucial [1, 2]. 

Perovskite (ABY3) is one of the most extensively studied 

materials in condensed matter physics, capable of 

accommodating a wide range of anions and most metallic 

ions from the periodic table [3, 4]. 

Unlike traditional silicon-based technologies, 

perovskites have recently garnered significant interest in 

the scientific community [5, 6]. They possess outstanding 

optoelectronic properties, including long charge carrier 

diffusion length, tunable bandgap (Eg), low recombina-

tion rate, high carrier mobility, broad absorption, and 

strong dielectric response [7]. These characteristics make 

them highly suitable for various applications, such as 

solar cells (SCs), light-emitting diodes (LEDs), photovol-

taics, and solar-to-power energy conversion systems [8, 9]. 

The growing interest in perovskite SCs is driven by 

their exceptional performance and affordability as highly 

efficient photovoltaic systems [10]. Since their intro-

duction in 2009,  perovskite  SCs  have  undergone  rapid  
 

advancements, achieving efficiency levels exceeding 

25%, which is on par with commercial silicon SCs [11, 

12]. Moreover, ongoing research to enhance the material 

properties of perovskite SCs suggests a potential for even 

greater efficiency improvements in future [10, 13]. 
The quest for advanced functional materials has 

intensified the exploration of perovskite oxides. In 
particular, the focus is on optical and thermoelectric 
properties, which are pivotal for next-generation opto-
electronic and energy-conversion technologies [14]. Zinc 

germanate (ZnGeO3) and cadmium germanate (CdGeO3) 
perovskites are promising candidates due to their inherent 
semiconductor behaviour and structural versatility. They 

offer promising applications in LEDs, laser diodes, and 
high-efficiency thermoelectric devices. Understanding 
their electronic and thermal responses at the atomic level 
is critical for tailoring their performance to these 

technologies [15]. 
Historically, first-principles calculations rooted in 

density functional theory (DFT) revolutionized materials 

science. It enabled accurate predictions of electronic, 
optical, and transport properties without empirical 
parameters [16]. DFT provides a framework to compute 

electronic band structure (EBS),  density of states (DOS), 
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and optical spectra by solving the quantum mechanical 
equations governing electron interactions [17]. 

Incorporating advanced exchange-correlation functionals 
further enhances accuracy in predicting Eg and optical 
responses. These calculations eliminate reliance on 
experimental data, making them indispensable for 

exploring novel materials [18]. 
Seminal studies on analogous perovskites, such as 

SrTiO3 and BaTiO3, demonstrated DFT efficacy in 

guiding experimental synthesis. However, ZnGeO3 and 
CdGeO3 (specifically their combined optical and 
thermoelectric characteristics) remain unexplored, 

leaving gaps in utilizing their full technological potential 
[19]. Prior works have mainly focused on structural or 
electronic properties in isolation, neglecting the interplay 
between optoelectronic efficiency and thermal transport. 

This study theoretically predicts the optical and ther-
moelectric properties of ZnGeO3 and CdGeO3. We employ 
first-principles simulations via the WIEN2k package to 

comprehensively analyze these materials. Our objectives 
include explaining their direct bandgap nature, optical 
absorption spectra, and thermoelectric efficiency metrics, 

such as the Seebeck coefficient (S), power factor (PF), 
and figure of merit (ZT). Computations utilize the full-
potential linearized augmented plane wave (FP-LAPW) 
method to model EBSs. At the same time, optical 

properties are derived from the spectra of dielectric 
function (ε), refractive index (n), extinction coefficient 
(k), absorption coefficient (α), electric conductivity (σ), 

reflectivity (R), and optical loss (L). Thermoelectric para-
meters are evaluated at varying chemical potential (µ) 
and temperature (T). Anticipated outcomes include iden-

tifying ZnGeO3 and CdGeO3 as direct-bandgap semicon-
ductors with strong optical absorption within the visible 
range alongside low lattice thermal conductivity (κ). 

 

2. Computational methods 
 

All calculations were performed using DFT-based first-
principles methods, implemented through the WIEN2k 
software package. The exchange-correlation functional 

was treated within the local density approximation 
(LDA) and generalized gradient approximation (GGA) 
frameworks of Perdew, Burke, and Ernzerhof (PBE) 

[20]. Specifically, PBEsol was employed for solid-state 
calculations, and the modified Becke–Johnson potential 
(mBJ) was used in combination with PBEsol 
(PBEsol+mBJP) to calculate Eg and optical properties of 

the materials. It is important to note that the mBJ 
potential was designed by Tran–Blaha and modified by 
Becke–Johnson [20]. 

For structural optimization, we calculated the lattice 
constants corresponding to the system's minimum total 
energy. The total energy was computed as a function of 

unit cell volume, and the equilibrium geometry was 
determined by plotting the energy versus volume curve 
for ZnGeO3 and CdGeO3. The minimum energy configu-
ration was selected for further calculations of EBS and 

partial density of states (PDOS) using PBEsol+mBJP. To 
obtain the optical properties of ZnGeO3 and CdGeO3, we 
calculated the dielectric function (ε), refractive index (n),  

 

extinction coefficient (k), absorption coefficient (α), 
conductivity (σ), reflectivity (R), and optical loss (L) 

using the same computational setup. For thermoelectric 
calculations, we determined the chemical potential (μ) at 
room temperature and the Seebeck coefficient (S), power 
factor (PF), and figure of merit (ZT) at the Fermi energy 

(EF) [21, 22]. 

Given the sensitivity of molecular calculations to 

computational parameters, we conducted convergence 

studies to ensure that the results were well-converged 

with respect to key parameters,  such as supercell sizes, 

k-point meshes, and k-grid geometries. Specifically, we 

varied the k-point grid density and supercell size to 

examine the stability of our results. The k-point grids 

were sampled with a Monkhorst–Pack mesh, and the 

convergence with respect to both k-point mesh size and 

supercell volume was assessed by comparing the 

computed total energies and electronic properties. The 

energy convergence criterion was set to 10
–6

 Ry, and the 

calculations were performed using a 6×6×6 k-point grid 

for the 1×1×1 supercell and a finer 8×8×8 grid for the 

larger supercells. The results showed that the chosen 

parameters provided stable and converged values for the 

electronic band structure, DOS, and optical properties. 

These convergence tests are consistent with the findings 

of Schwarz et al. [23], who discussed the importance of 

such studies when using the WIEN2k package for similar 

materials. The influence of different k-point meshes and 

supercell sizes on the electronic properties was found to 

be minimal, confirming that the computational setup used 

in this study is reliable [24].  
 

3. Results and discussion 

3.1. Crystal structure 

The geometrical structural optimization for the three-

dimensional crystal XGeO3 (X = Zn, Cd) was first 

analyzed by GGA. Using DFT total energy calculations, 

Fig. 1a shows the energy-volume relationship for 

ZnGeO3 and CdGeO3. According to energy minima, the 

two compounds have the most stable forms when their 

volumes are at equilibrium [25]. The value of the 

equilibrium volume for ZnGeO3 (~340 a.u.
3
) is smaller 

than that of CdGeO3 (~355 a.u.
3
) because Zn

2+
 has a 

smaller ionic radius than Cd
2+

. Compared to other 

solutions, the total energy for ZnGeO3 is lower, showing 

it is more stable under the same conditions. Fig. 1b 

shows the atomic structure. The unit cell (1×1×1) shown 

in the diagram consists of 2 molecules and 15 atoms in 

each molecule. ZnGeO3 and CdGeO3 are perfectly in 

order in the structure with a face-shared pair of O atoms. 

The lattice parameters a0 for ZnGeO3 and CdGeO3 are 

3.68 and 3.74 Å, respectively. The arrangement of O atoms 

in the perovskite structure in the XGeO3 (X = Zn, Cd) is 

distorted from an ideal cubic lattice, forming an ortho-

rhombic structure (e.g., Pbnm). The shared O-O distances 

in ZnO6 and CdO6 polyhedra are shorter for faces and 

longer for edges, while GeO6 octahedra exhibit shorter 

bond lengths compared to those of other polyhedra. For 

ZnGeO3, the perovskite phase is optimized [22]. 
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Fig. 1. (a) The energy versus volume plot and (b) crystal 

structure of ZnGeO3 and CdGeO3. 
 

 

The energy versus volume (E–V, a.u.
3
) plot (Fig. 1a) 

gives an approximation of the XGeO3 compound that 

provides necessary information about thermodynamic 

properties like bulk modulus, which contributes to 

finding the thermal coefficient. Using the DFT approach, 

we investigated the free energy response of the crystal 

structure at various volumes of unit cells and obtained 

the E–V curve. Since we know that crystal structural 

properties give information about the stability of the 

material. The calculated total energy values plotted as a 

function of volume show that ZnGeO3 is more stable 

compared to CdGeO3 because of its smaller energy value. 

These energy values are used in the Murnaghan equation 

to get the mechanical properties mentioned above [26].  

The E–V curve derivative gives the volume of the 

unit cell. The lattice parameter refers to unit cells ZnGeO3 

and CdGeO3, which are 3.68 and 3.74 Å, respectively. 

The minimum energy (Ry) value is –15832.079 for 

ZnGeO3, which makes it more stable, while –15832.062 

for CdGeO3, which has less stability [27]. We can find 

the value of bulk modulus B0 (GPа) using the equation: 


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B0 is 208 and 205 GPa for ZnGeO3 and CdGeO3, respec-

tively (Table 1). In Eq. (1), V0 is the maximum volume. 

We have approximated various properties based on DFT, 

which depend on the physical characteristics of the 

material, factors like C11, C12, C44, G, E, Poisson’s ratio 

(the ratio between B0 and shear modulus, B0/G), lattice 

constant, tolerance factor, anisotropy, etc. (Table 1). 

Table 1. The calculated values of lattice parameters a0 (Å), 

bulk modulus B0 (GPa), tolerance factor t2G, elastic constants 
C11, C12, and C44 (GPa), Poisson’s ratio, the ratio of bulk 

modulus and shear modulus B0/G, and anisotropy factor for 

ZnGeO3 and CdGeO3 perovskite. 
 

Parameters ZnGeO3 CdGeO3 

a0 (Å) 3.68 3.74 

B0 (GPa) 208 205 

t2G 0.96 0.97 

C11(GPa) 327 270 

C12 (GPa) 154 177 

C44 (GPa) 64 75 

Poisson’s ratio 0.35 0.36 

B0/G 2.91 3.37 

Anisotropy factor 0.74 1.60 
 

 

Table 2. Atoms with their respective electronic configurations. 
 

Atoms in the crystal structure Electronic configuration 

Germanium, Ge– 3d
10

 4s
2
 4p

2
 

Cadmium, Cd– 4d
10

 5s
2
 

Zinc, Zn– 3d
10

 4s
2
 

Oxygen, O– 2s
2
 2p

4
 

 

 

3.2. Electronic band structure 

For any solid, EBS renders the most critical detail about 

energy levels [28]. It is observed that the electronic 

configuration of XGeO3 is (n – 1) d
10 

ns
0
. Still, the 

potential used in the GGA approach is acquired for each 

atom and is shown in Table 2. 

EBS of ZnGeO3 and CdGeO3 (Fig. 2) were 

calculated by the GGA code PBEsol+mBJ [29]. The 

energy values are modified so that the curves illustrate 

the upper portion of the valence band (VB) and the 

bottom of the conduction band (CB). The highest 

occupied energy state at 0 K is labelled as EF. 
 

 

 

Fig. 2. The electronic band structures of (a) ZnGeO3 and 

(b)  CdGeO3 calculated by PBEsol + mBJP. 
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Fig. 3. Partial density of states (PDOS) for (a) ZnGeO3 and 

(b) CdGeO3 calculated using PBEsol + mBJP. The Fermi energy 
(EF) is indicated by the dotted vertical lines at 0 eV. 
 

 

In Fig. 2, EBS of XGeO3 is similar to the Kohn–

Sham EBS based on DFT [30]. The bottom (left), ZnGeO3 

and CdGeO3 orthorhombic perovskites have a direct 

bandgap at the Γ-point within the GGA framework [21]. 

This gap is presented from the Γ indication in VB at the 

Γ-point in CB. It indicates anisotropy (variations in physi-

cal properties on different molecular axes) to small effec-

tive masses. In reciprocal space, such effective masses are 

inversely proportional to the band curvature at a particular 

point. Since the absolute form of the energy correlation 

functional is still unknown, we face some uncertainty in 

dealing with bandgaps by treating the compound 

properties based on LDA or GGA [28]. Besides this, with 

the help of certain approximations, we can predict the 

appropriate results very close to the experimental values. 

In the GGA approach, the direct Γ-point transition 

for ZnGeO3 is approximated to be 2.8 eV, while 3.1 eV 

for CdGeO3; also, this transition is found to be very close 

to an indirect transition due to 2.8 eV for ZnGeO3 [31]. 

Strong curvature in the uppermost VB for both XGeO3 

shows anisotropy. In CB, a similar feature is observed. 

This is because the order of maximum and minimum 

peaks is nearly similar for the lowest CB and depicts a 

direct bandgap. Even so, this Eg is narrower for CdGeO3 

than ZnGeO3. Similarly, in Fig. 3, the Fermi energy (EF) 

corresponds to 0 eV on the energy axis and is marked by 

a vertical line in both panels. Due to predicted Eg and 

Fermi level showing separation between valence and 

conduction band, both XGeO3 (X = Zn, Cd) are proven 

semiconductors [31, 32]. 

Fig. 3 presents a contingent plot for PDOS per atomic 

species per orbital for ZnGeO3 and CdGeO3. In Fig. 3a, a 

sharp peak with an altitude of beyond two states/eV at 

about –5.9 eV energy, which grows from Zn 3d orbitals, 

is particularly present for Zn atoms. Some smaller peaks 

with heights ranging from 0.25 to 1.25 states/eV PDOS 

value at energies 3.9 to 6 eV in CB. While PDOS peaks 

come up from Ge, they are comparatively wider and 

found  to  be  smaller  than  Zn  because, in the outermost  

 

shell of Ge, there are only four electrons considered in 
computations. In comparison, Zn has only two valence 

electrons due to the filled 3d orbital. Ge contribution to 
PDOS has pulsating 4p and 3d peaks between 8.7 eV (p) 
and 8 to –0.1 eV (d), respectively [33]. In the end, each O 
atom has a valency of 6, which can generate deduce sets 

of VB, the first carry of 2s orbitals (no longer proven in 
Fig. 3) and the rest of all bands with O 2p orbital with 
energy range 8 to 0 eV with maximum 1.74 states/eV. 

So, we will say that for ZnGeO3, the top of VB is 
dominated by the 2p contribution of O atoms. It is 
observed that the bottom of CB is developed by Ge 4p 

orbitals and Zn by way of 3d orbitals [34]. 
Fig. 3b presents the PDOS as per atomic species per 

orbital for CdGeO3. The EBS donation of the Cd atom 

depicts the shrink peaks having an analogous height 
(beyond two states/eV) as that of the Zn atom in ZnGeO3. 

However, here, energy variation is slight, about –6.8 eV, 

arising from Cd 4d orbital [35]. Smaller peaks in CB 
stem from Cd 5s orbitals between –4.5 to –1.0 eV and 

attain a maximum value of PDOS of ~0.35 states/eV 
[29]. However, the Ge atom contribution in PDOS from 

CdGeO3 is relatively broader than Cd because 4 electrons 
are present in its outermost shell, while Cd has 12 elec-

trons in its outermost shell. Ge atoms have peaks due to 
their 4p and 3d orbitals, which are alternatively from –7 

to 6.9 eV (Ge 4p) and 8 to 0 eV (Ge 3d) [34]. Finally, as 
with ZnGeO3, CdGeO3 involves an O atom with 6 

electrons in its outermost shell. Each atom produces 
peaks in VB with 2p orbital in the energy range from –8 

to –0.1 eV with a maximum value of ~ 2 states/eV, and 
then a minor value is observed between 4.5 and 6.9 eV. 

This means some contribution is due to the s orbital, 
which is not shown in the above results [28].  

The concept of charge transfer can be understood by 

the Quasi-Newtonian approximation, according to which 

the CB electrons and VB holes move under the effect of 

an applied magnetic field [36]. EBS provides the basis 

for finding the effective mass by the EBS curvature at 

high symmetry points in the Brillouin zone [37]. If curves 

show less curvature, the effective mass is large, and vice 

versa [38]. In the current work, the partial density of states 

(PDOS) of ZnGeO3 (Fig. 3a) has variations in comparison 

to the findings of Hossain et al. [39], including the inten-

sities of peaks as well as the structural features and location 

of the bandgap. These deviations can be explained by 

differing computational protocols: the current calculations 

are based on orbital-specific projections (Zn 3d, Ge 4p,3d, 

O 2p) and do not consider s-states, and also do not appear 

to use a bandgap correcting functional that would yield a 

bandgap of 3 eV or so. Conversely, the calculations by 

Hossain et al. [39] use the generalized gradient approxima-

tion (GGA-PBE) with s orbital contributions and norma-

lize the PDOS on a unit cell basis. Hence, resulting in 

higher intensities and a reduced bandgap, close to 2.5 eV. 

These variations in methodology are common in the study 

of ZnGeO3, e.g, the orthorhombic phase studied by Ozisik 

et al. [40] exhibits significantly different shapes of the 

elemental PDOS, whereas the rhombohedral phase studied 

by Zhang et al. (2013) has altered peak separation [41]. 
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The current results are qualitatively consistent with 

the previously reported work; the upper part of the 
valence band is dominated by the O2 p orbitals, and the 
lower part of the valence band by the cation d 0 states, 

while the Ge p/d orbitals are at the conduction band 
minimum. These are electronic structure motifs that are 
repeated in the cubic [39], orthorhombic/trigonal [40], and 
rhombohedral phases. The increased bandgap calculated 

in the current study increases the accuracy of optical 
property calculations and alleviates the systematic under-
estimation problem of GGA functionals, which is empha-

sized in more recent works on perovskite using DFT. 

3.3. Optical properties 

The optical properties of a material depend on its ε and n. 

By DFT, we have calculated the various factors for 
XGeO3 that act like its optical characteristics, as the ε 
constant (being a ground state property) of a material 
does not require any quasi-particle approximation. If we 

involve local field effects and self-energy correlation, ε 
might be affected [42]. As computations performed for 
EBS, here we performed a similar computational 

approach by using PBEsol + mBJP to find ε, n, k, α, σ, R, 
and L for both ZnGeO3 and CdGeO3, as shown in Fig. 4. 

The real part of ε (ε1) provides information about 

the ability to store charge. The real part of ε is plotted as 
a function of energy in Fig. 4a for ZnGeO3 and CdGeO3. 
The maxima of ε1 for ZnGeO3 are at 5.4, 10.25, 12.5, 
15.1, 15.24, and 18.1 eV, and the highest peak is at 

12 eV, while Lapp’s highest peak value is observed for 
CdGeO3. However, at ~16 eV, maxima exist only for 
CdGeO3, while ZnGeO3 shows minima at this energy 

state value. This shows the extinction of charge storage at 
this energy range [43]. 

 

 
 

The imaginary part of ε
 
(ɛ2) provides information 

regarding attenuation and absorption. Since the imaginary 
part ε2 (Fig. 4b) is closely related to α, we are getting our 
search at α (Fig. 4e). The absorption peaks for CdGeO3 

are comparatively larger than for ZnGeO3, indicating that 
light penetrates more in CdGeO3 than ZnGeO3 [44]. The 
first absorption peak found at ~11 eV is the smallest, while 

larger maxima were observed at 17.53 eV for CdGeO3. 
Such peaks for ZnGeO3 are from 13 to 19 eV. For both 
compounds, optical absorption rapidly increases above 
11 eV due to oxygen 2p in the VB and Cd 5s / Zn 4s 

orbitals in the CBs. Because of the transition between 
valence states with O 2p to Ge 4s CB states, the first peak 
is minimal in the energy interval of 11 eV for CdGeO3 

and 10 eV for ZnGeO3. We noticed a similar absorption 
Eg in all tops for both compounds. In Fig. 4d, k also 
describes peaks for different light absorption measures in 

a specified medium. By the application of the Kramers–
Kronig transformation, ε1 and ε2 can be calculated using 
ε1(ω) – iε2(ω) [43]. 

Fig. 4c shows the n peaks. The value of n is almost 

the same for both materials within the energy range of 
7.5 to 12.5 eV. This indicates that both materials 
similarly reduce the speed in a given medium within this 

energy range. However, above this energy, CdGeO3 
peaks are leading ZnGeO3 [45]. 

It is the property of a material that correlates, at 
general frequencies, the current density to the electric 
field since it is based on ε [46]. Fig. 4f shows that at a 
given energy range from 7 to 10 eV, σ remains similar 
for both materials. However, σ of CdGeO3 is greater 
above 10 eV than that of ZnGeO3 since ε also has greater 
values for CdGeO3. At the same time, the calculated R 
values are presented in Fig. 4g. 

 

Fig. 4. Real ε1 (a) and imaginary ε2 (b) parts of dielectric constant, (c) refractive index n, (d) extinction coefficient k, (e) absorption 

coefficient α, (f) conductivity σ, (g) reflectivity R, and (h) optical loss L of ZnGeO3 and CdGeO3 calculated by PBEsol + mBJP. 
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Optical loss occurs when light creates electron-hole 

pairs but is reflected from the surface instead of being 

transmitted into the material [46]. This L is related to the 

material’s conductivity and the incident light energy [47]. 

Fig. 4h represents the calculated L, where the peaks 

indicate that L is smaller for ZnGeO3 from 2 to 12.5 eV. 

3.4. Thermoelectric properties 

The thermoelectric response of a material depends on its κ, 

S, PF, and ZT. If a compound has a significant value of S 

with smaller values of σ and κ as well, then it can be 

considered a good thermoelectric material [48]. This is 

because these values of S, σ, and κ give rise to a greater 

value of ZT as per the formulated expression given by 

 TS  2ZT .       (2) 

ZT should be greater than unity for a good 

thermoelectric material. The computations performed for 

ZnGeO3 and CdGeO3 based on DFT for σ and κ at 

varying µ (at room T), and T (at EF) are shown in Fig. 5. 

The dependence of σ (Fig. 5a) upon µ (for both ZnGeO3 

and CdGeO3) manifests that both compounds show 

maximum values of σ within the range –0.1 to 0 eV 

potential at room T. However, extreme peaks were 

observed at –0.035 and –0.04 eV for CdGeO3 and ZnGeO3, 

respectively. Both materials show zero conductivity 

within the µ range from 0 to 0.22 eV. It can be concluded 

that these materials seem to give beneficial thermo-

electric responses in this potential range, but σ again 

increases from 0.23 to 0.3 eV almost equally [49, 50]. 
 
 

 

Fig. 5. Electrical conductivity σ (a, b) and thermal conductivity 

κ (c, d) versus chemical potential µ (at room temperature) and 
temperature T (at Fermi energy, EF) for ZnGeO3 and CdGeO3. 

 

 
 

While at a smaller scale (along vertical) variation in 

σ (range 0…0.4·10
20

 1/Ω·m·s) plotted against Fermi T 

(Fig. 5b), it is very clear that at 0 K, CdGeO3 has σ close 

to 0.07 eV while ZnGeO3 shows a larger value that is 

0.17 eV. Above 0 K, σ increases linearly with T, indica-

ting the semiconducting nature of perovskites XGeO3. 

The κ variation versus µ (Fig. 5c) is in an almost 

similar pattern to that of σ for both perovskites. However, 

the parabolic curve indicates that measures of κ increase 

with T rise (Fig. 5d). The gap between the two curves 

shows that κ for CdGeO3 is smaller than ZnGeO3. The 

computation results obtained from PBEsol + mBJP are 

tabulated in Table 3. 

Results shown in Fig. 6a depict S versus µ and PF 

versus T at EF. Two peaks are observed at different 

potential measures. Maxima occur (with a minor shift in 

peak position) at 0.07 eV with heights of 3·10
3 
µV/K for 

both ZnGeO3 and CdGeO3, and then it drops suddenly at 

0.16 eV for ZnGeO3 and 0.17 eV for CdGeO3. In Fig. 6b, 

PF is plotted as a function of T at EF. The curve for 

CdGeO3 increases sharply from 0 to 260 K and then 

constantly increases, but for ZnGeO3, the curve increases 

almost constantly. The amplitude of the Seebeck-

coefficient curve possesses a positive slope, a signature 

of an n-type material. PF is defined to be equal to σS
2
. 

Usually, the literature shows that high-performance 

thermoelectric compounds usually have PF values within 

the range of 0.8…2.5 W·m
−1

·K
−1

.
 
Figs. 6c, 6d represent 

PF plotted versus µ (at room T) and T (at EF) for ZnGeO3 

and CdGeO3 [51].  Fig. 6c  shows  different  peaks for PF  
 
 

 
 

Fig. 6. (a, b) Seebeck coefficient S and (c, d) power factor PF 

plotted versus chemical potential µ (at room temperature) and 

temperature T (at Fermi energy, EF) for ZnGeO3 and CdGeO3. 

 

Table 3. The calculated room temperature values of electrical conductivity (σ), thermal conductivity (κ), Seebeck coefficient (S), 

power factor (PF), and figure of merit (ZT) of ZnGeO3 and CdGeO3 perovskites. 

Perovskites σ (10
18

/Ω·m·s) κ (10
14 

W/m·K) S (μV/K) PF (10
12 

W/(m·K
2
·s)) ZT 

ZnGeO3 21.7 2.35 137 0.41 0.53 

CdGeO3 12.08 1.70 166 0.33 0.59 
 



SPQEO, 2026. V. 29, No 2. P. 136-145. 

Haq A.U., Tabassam M.N., Ahmed N. et al. First-principles study of XGeO3 (X = Zn, Cd): Semiconducting … 

142 

at the potential range –0.1…0.01 eV. Perovskites are 

promising thermo-electric materials, as predicted by the 

significant kinks at zero energy for given materials.  
Suppose the potential increased further, then some 

peaks were observed at a potential range of 0.21 to 

0.29 eV. This is consistent with experimental values. PF 
rises linearly with T (Fig. 6d). This can be attributed to 
the gap observed in curves for CdGeO3 and ZnGeO3 

[52]. The calculated PFs from our computational results 
are given in Table 3. 
 

4. Conclusions 
 

The first-principles calculations for optical and thermo-

electric properties of XGeO3 (X = Zn, Cd) compounds 

were performed additionally to geometry optimization, 

EBS, DOS, PDOS, etc. GGA does all computations 

under PBEsol + mBJP. By the structural analysis of 

XGeO3, a0 was determined to be 3.68 Å for ZnGeO3 and 

3.74 Å for CdGeO3. The Eg values obtained for ZnGeO3 

and CdGeO3 show that they have a direct bandgap at the 

Γ-point in the limit of GGA computation. Therefore, the 

predicted Eg indicates that XGeO3 (X = Zn, Cd) has a 

semiconductor nature. EBS provides the basis for finding 

the effective mass by the EBS curvature at significant 

symmetry points. A smaller curvature found in EBS 

gives the large effective mass of perovskites. DFT 

analysis proves that the VB is dominated by Zn/Cd d-

orbitals and O 2p orbitals, while the lowest CB energy 

arises from Ge p/d orbitals.  

The predicted optical properties declare that XGeO3 

is desirable for optoelectronic devices. ZnGeO3 reduces 

the speed of light more than CdGeO3 (due to its greater 

refractive-index peaks). Within the range 7…10 eV, σ 

remains almost the same for both materials, but above 

10 eV, σ of CdGeO3 is greater than that of ZnGeO3 since 

ε also has greater values for CdGeO3. Also, κ for 

CdGeO3 is smaller than that of ZnGeO3. Conversely, L is 

smaller for ZnGeO3 within the range of 7.2 to 12.5 eV, 

whereas it was found to be greater at 16.5 eV than that of 

CdGeO3. The values obtained for S and ZT indicate that 

both materials are good thermoelectric materials, but are 

not suitable for high-performance thermoelectric devices 

since they have positive values of ZT but less than unity. 

The amplitude of the S curve has a positive slope, which 

is a sign of an n-type material. Specifically, the 

quantitative variations in the calculated DOS/PDOS of 

ZnGeO3 reflect the quantitative variations in exchange-

correlation functional, orbital-projection schemes and 

normalization procedures but still the qualitative 

electronic features, including dominance of the O-2p in 

the valence band, the contribution of cation p/d to the 

conduction band, and the semiconducting nature are 

consistent with the previously reported theoretical and 

experimental trends, supporting the validity of the present 

optical and thermoelectric predictions.  
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Дослідження XGeO3 (X = Zn, Cd) на основі перших принципів: напівпровідникові перовскіти  

для оптоелектронних та термоелектричних застосувань 

A.U. Haq, M.N. Tabassam, N. Ahmed, A. Shahzad, J. Qu, S. Golovynskyi 

Анотація. Структурні, механічні, електронні, термодинамічні, оптичні та термоелектричні властивості 

германату цинку (ZnGeO3) та германату кадмію (CdGeO3) теоретично передбачені за допомогою розрахунків з 

перших принципів на основі теорії функціоналу густини (DFT). Ми дослідили кристалічну та електронну 

зонну структуру, а також оптичні та термоелектричні властивості. Обидві сполуки мають перовскітну 

структуру з параметрами решітки 3,68 Å для ZnGeO3 та 3,74 Å для CdGeO3. ZnGeO3 є більш стабільним, з 

мінімальною енергією –15832,079 Ry проти –15832,062 Ry для CdGeO3. Електронна зонна структура показує 

прямі заборонені зони 2,8 еВ для ZnGeO3 та 3,1 еВ для CdGeO3, що підтверджує їх напівпровідникову 

природу. Розраховані оптичні властивості містять діелектричну функцію та коефіцієнт поглинання. CdGeO3 

має вищі піки поглинання в УФ-діапазоні. Термоелектричні характеристики помірні, зі значеннями показника 

добротності 0,53 для ZnGeO3 та 0,59 для CdGeO3 за кімнатної температури. Ці сполуки є перспективними для 

електронних та оптоелектронних застосувань, хоча їхня термоелектрична ефективність залишається 

обмеженою. 

 

Ключові слова: перовскіт, DFT, розрахунки з перших принципів, електронні властивості, оптичні властивості, 

термоелектричні властивості. 
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