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1. Introduction

Computational study of the physical
characteristics of Si-based oxide perovskites for
energy generation using DFT

Amjad Ali Pasha,® Hukam Khan,® Mohammad Sohail, & ** Nasir Rahman,®
Rajwali Khan,® Omar H. Alsalmi,© Dilsora Abduvalieva,” Khamael M. Abualnaja,®
Atef El Jery" and Mouataz Adrdery'

SiMOz (M = Sn, Ge) silicon-based oxide perovskite compounds are studied using density functional
theory (DFT) and Wien2k software to examine their structural, elastic, optical, and electronic properties.
The Birch—Murnaghan equation is used to optimize SiSnOz and SiGeOs compounds and deliver struc-
tural stability, whereas the IRelast program is used to find elastic constants to confirm the flexible stabi-
lity as well as the elastic behavior of the presented compounds. These compounds resist plastic strain
and are ductile, scratch resistant, anisotropic, and mechanically stable. The Trans-Blaha modified
Becke—Johnson potential approximation calculations demonstrate that the band structure of SiSnOs is
intermetallic, whereas the second compound, SiGeOs, is a semiconductor. The evidence obtained from
the band structure and density of states of the these compounds demonstrates that SiSnOs has an indir-
ect band gap, and the minima of the conduction band are at evenness point X, whereas the maxima of
the valence band are at symmetry points M, resulting in an indirect band gap (X—M). Meanwhile, SiGeOs
has a direct band gap, and the minima of the valence band and maxima of the conduction band occur
at symmetry points X. These crystals have low-energy absorption. If we examine the reflectance of tern-
ary molecules SiGeOs has a low absorption of up to 2 eV with fluctuations and the absorption increases
to a maximum value of 40.0 at 6.50 eV. In contrast, SiSnOz exhibits a different increase, and the absorp-
tion coefficient decreases to the lowest value of 12.4 eV. Our optical property analysis showed that
SiSnOs and SiGeOs can be used in high-frequency ultraviolet devices. To the best of our knowledge, this
is the first DFT-based examination of the characteristics of these crystals.

trying to make new perovskites. The typical chemical formula
for perovskites is ABXj3;, where X may be oxygen, fluorine,

Energy a basic need of every human being, is available
to everyone, on average, in decreasing amounts over time.
Perovskites are crystals used in generating and storing energy,
and therefore, they remain popular among researchers. To
produce perovskites with better properties, researchers are
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chlorine, bromine, or iodine. Components A and B are cations,
and X is an anion. CaTiO; was the first material found, which
obeyed this formula. Each perovskite structure is arranged in a
way that twelve atoms of cation A and six atoms of cation B are
bound to the anion. Oxide perovskites are found in the form of
insulators, conductors, and semiconductors. These compounds
can have stable crystalline structures with excellent electronic
properties. These materials have applications in the lens
industry, lithography, photoelectric materials, and energy sto-
rage devices.'™ Several studies have been conducted revealing
the various characteristics of perovskite crystals, especially
oxide perovskites, which remain of great interest. Majority of
researchers have concluded that they are mechanically and
elastically stable.”® These crystals are promising for highly
effective photovoltaic components and superior energy storage
applications in automobiles, electronics, and optics.”® Oxygen
is combined with inorganic species, organic species, or metals
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from the transition metal group to produce stable oxide per-
ovskites. Wide band gap oxide perovskites are most viable. Such
molecules can be employed to generate glass that operates in
the vacuum ultraviolet and UV spectra due to their large energy
band gap and high potential.'®"" Some new investigations on
oxide perovskites have been conducted.’*** Harmel et al'’
used density functional theory (DFT) to examine the character-
istics of BaCsO; oxide perovskites based on barium. They con-
cluded that BaCsO; will be suitable for electrooptic instruments
because of its widespread direct band gap and bands of the
imaginary constituent of the nonconducting features in the UV
range. Daniel et al."® demonstrated that the characteristics of
LiBaO3 are effective for energy storage. Compounds with band
gaps of >3.10 eV will be effective in the UV spectrum. SiSnO;
with intermetallic character and SiGeO; with semiconductor
properties are excellent candidates for electronic applications.
Herein, with the help of DFT and the full-potential linear
augmented plane wave (FP-LAPW) method, we discuss some
fundamental characteristics of SiMO; (M = Sn, Ge) oxide per-
ovskites, providing insights for further research. These proper-
ties include structural, elastic, electronic, and optical properties.

2. Computational methodology

To calculate the above-mentioned characteristics, the FP-LAPW
approach was used with the help of Wien2k software, and the
results were discussed."” > We used the Trans-Blaha modified
Becke-Johnson (TB-mB]J) technique, because it is useful in
calculating the density of states (DOS) and optical and electro-
nic properties.>® For the calculation of structural and elastic
properties, generalized gradient approximation (GGA) and the
exchange-correlation potential were applied as they are useful
tools for such calculations.?® This study includes the investiga-
tion of some FP-LAPW base functions for which the value of
muffin-tin radius (RMT) spheres was chosen to be 8. In our
model, K. in the plane wave expansion is the magnitude of
the supreme K points to attain a high degree of convergence.
The RMT values for M and O are 2.38, 1.73, and 1.67 atomic
units (a.u.), respectively. Within the muffin-tin spheres, the
spherical harmonics were increased to [« = 11, whereas the
Fourier expanded charge density was decreased to Gpax = 12
(a.u.). The self-consistent field computations were considered
to have converged, as the total energy dropped within the
energy range of 0.0001 Ry. By equating the energy against
volume curve, the equation of state by Birch-Murnaghan was
used.>>° To calculate the elastic constant used in analyzing the
structural properties, we used the IRelast software.’® Addition-
ally, we used the dielectric function ¢(w) to investigate the
optical behavior of our selected crystals.>”*®

3. Results and discussion

This section of the article provides a thorough scientific analysis of
the results generated by our TB-mB]J potential approach. We will
discuss structural and optical characteristics using this approach.
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3.1 Structural properties

SIMO; are the chosen crystals for investigation. The space
group of our selected crystals is Pm3m number 221. It has a
cubic unit cell structure comprising a single molecule and
obeys the ABO; formula, which means the crystals are oxide
perovskites. The arrangement of atoms in the unit cell is such
that Si atoms occupy (0, 0, 0) positions, M atoms at (1/2, 1, 1),
and oxygen atoms at (0, 1/2, 1/2), (1/2, 0, 1/2), and (1/2, 1/2, 0),
as shown in Fig. 1. We will compute the total energy around V,
in terms of the unit cell volume (the volume of the cell at the
equilibrium point). For computing the volume optimization, to
possibly predict the structural behavior of our selected crystals,
we will utilize the Birch-Murnaghan’s equation of state.>® To
get the lowest stable unit cell, we will reduce the overall energy
of the unit cell. The data derived from Birch-Murnaghan’s
equation of state are analytically estimated to predict the
ground state characteristics of the unit cell. These include the
equilibrium lattice constant a,, the bulk modulus B, and its
pressure derivative B'.

The minimum energy E,, for which the volume gets its
lowest value V,, gives the actual minimum ground state of that
particular compound. Those crystals that have more negative
energy have more stable structures. The optimized structural
parameters such as a,, E,, Vo, Bo, and B’ are tabulated in
Table 1. These results are reliable with the general trend
indicating that as the bulk modulus drops, the lattice constant
increases, which shows that the computed results are precise
and accurate. The optimization graphs demonstrate that
SiSnO; has more negative energy, indicating more structurally
stability than SiGeO;, as shown in Fig. 2 and Table 1.

3.2 Electronic properties

Herein, we determine the real maps of the band structures,
DOS, and arrangement of charge to analyze the electronic state
of SiMO; molecules. Local density approximation and GGA
calculations significantly underestimate the essential band
gaps of semiconductors and dielectrics.”>*® This is because
the exchange-correlation energy and the charge derivative

Fig. 1 Conventional cubic crystal structure of SiMOs ternary molecules.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimized crystal unit cell computed data of SiMOs molecules

Compound  a,(A) B(GPa) B Vo (@u®)  Eo (Ry)
SiSn0O3 3.72 202.32 4.59 346.37 —13390.08
SiGeO; 3.61 221.05 4.47 318.70 —5229.98

cannot be consistently reconstructed by the basic structure.
TB-mBY] is effectively applied in various research reports**'>
and is selected to solve the underestimation of the band gaps.
In the higher symmetry direction of the Brillouin zone, the
energy-band structures obtained for the symmetric geometry of
SiMO; are shown in Fig. 3. The valence band and conduction
band are separated by a horizontal line, which represents
the Fermi energy level, Er. Above the Fermi level, there is the
conduction band, and the valence band is shown below the
Fermi level. According to Fig. 3a, SiSnO; and SiGeO; are
semiconductors, because their energy band gaps lie between
0 and 3.1 eV. SiSnO; has an indirect (M-X) energy state gap of
2.4 eV, and SiGeO; has a direct (X-X) energy gap of 3.1 eV. We
usually calculate the spin orbit coupling (SOC) for an element
used in a compound having an atomic number of >50. We
calculated the band structure using SOC calculation with TB-
mB]J and found no change in the energy band gap in the band
structures of both these compounds as shown in Fig. 3b.

To gain a greater understanding of the electronic states of
SiMO; crystals, the total density and partial density of states
(TDOS and PDOS, respectively) are calculated as depicted in
Fig. 4a. Each band consists of a vertical line representing a zero
level, called the Fermi level. The left side of each band repre-
sents the valence band, whereas the right side is devoted to the
conduction band. The roles of different electronic states in the
valence and conduction bands are represented by their respec-
tive lines labeled in each graph of Fig. 4a. The energy range
for the DOS of SiGeOj; is —12.5 to 7 eV, whereas for SiSnO; is
—9 to 7 eV. Some of the major influences of different states in
the valence and conduction bands are explained as follows:
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First, we present the details of SiSnO;. The major contribution
in the valence band is from O-tot, which is —4.4 to 0 eV, with
the highest peak of 2.8 corresponding to —1 eV. Other peaks
observed for the same states are 1.8, 2, and 2.6 at —1.5, —1.2,
and —0.6 eV, respectively. The second highest contribution in
the same band is from the Si-s state, with a value of 2 at
—5.8 eV. The contributions from all other states are minor, such
as the Sn-d state, whose value is approximately 0.2 in the energy
range of —3.1 to 0.3 eV. For the same compound in the conduc-
tion band, the Si-p state has a maximum contribution from 3.2 to
5 eV with the highest peak of 3.3 at 4.5 eV. The contribution of O-
tot is from 3.6 to 4.6 €V, having a peak of 0.4 at 4.5 eV. Secondly,
an explanation of the DOS of SiGeO; is as follows: The O-s state
has a major contribution in the valence band with an energy
range of —6 to 0 eV. It has different peaks at different energy
levels, such as 0.5, 0.6, and 1.5 at —7.5, —6, and —2.5 €V,
respectively. The Ge-s state in the same band has peaks of
0.7 and 0.8 at —7.5 and —1 eV, respectively. O-tot and Si-tot have
some contribution, but it is minimal. Similarly, in the conduction
band of SiGeOj3, Ge-p has the highest contribution, with peaks 0.6
and 1.7 at 4.9 and 6 eV, respectively. Other contributions are from
Ge-tot and O-s states, which have very small values.

3.3 Elastic properties

The reactions to exterior forces by a particular compound are
used to compute the flexible properties of that compound.
The obtained data from such calculations give evidence regarding
the stability and toughness of the crystal. By finding the compo-
nents of stress tensor for tiny deformations and determining the
energy in accordance with the lattice distortion that preserves the
volume, the elastic factors of the compounds were determined
with no pressure.*® For finding the elastic constants, the IRelast
program was used with the help of the Wien2k software, thereby
using all the particulars of the cubic system. The important elastic
constants from which we can get detailed information of any
cubic crystal system are C;4, Cy,, and Cy4. These elastic constants
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Fig. 2 Optimization curves of SiMOs crystals fitted by Birch—Murnaghan’s equation of state.
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Fig. 3 (a) Representation of the band structures of SIMOsz using TB-mBJ approximation. (b) Representation of the band structures of SiMOz using TB-
mBJ with SOC.

are independent of each other and are presented in Table 2. To should satisfy the following conditions: C;; > Cyj, C11 > 0, Cyq >
have a mechanically stable cubic crystal, the elastic constants 0, Cy; + 2C;, > 0, and B > zero.** The phonon calculation, as
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depicted in Fig. 4b, demonstrate that there is no imaginary
frequency and all the observed frequencies are real for SiSnO;
and SiGeO;, verifying that these compounds exhibit thermody-
namic stability.>>°

The above-mentioned conditions are satisfied for our calcu-
lated elastic constants, indicating that these compounds
are mechanically stable. According to our calculated data, the
Cy; value of SiSnOj; is 202.3236 GPa and that of SiGeO; is
221.0451 GPa, which proves that SiGeOs is to some extent stiffer
than SiSnO;. Another parameter, known as the anisotropic
constant, represented by 4, gives information regarding the
capacity of a crystal to produce small fractures. Engineers
normally use this information to study the microscopic

Table 2 Few important constants of SIMOs molecules

Compound SiSnO; SiGeO;
Cia 247.05 327.52
Cio 76.59 175.45
Cus 43.89 175.28
G 57.44 125.37
A 0.56 2.31
|4 0.34 0.19
B/G 2.99 1.37

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(@) TDOS and PDOS of SiMO3 crystals using TB-mBJ approach. (b) Representation of the phonon band structures of SiMOs.

behavior of a crystal in response to external stress. The values
of A for our selected compounds are calculated from the above-
mentioned elastic constants with the help of the formula
mentioned below.

A=2 X CufCi1 — Cuy (1)
The material will be isotropic if the value of A = 1, otherwise it
will be anisotropic. The calculated values of A for both of our
compounds are depicted in Table 2.

Both the compounds are anisotropic, since the value of A
deviates from 1 and the degree of variance reveals the degree of
anisotropy. As it is clear from Table 2, the calculated value of A
for SiSnO; is 0.515 and that of SiGeO; is 2.305, which shows
that SiSnOj; is less anisotropic than SiGeOs;. Other important
parameters such as the Young’s modulus represented by E, the
shear modulus represented by G, and Poisson’s ratio repre-
sented by v are calculated with the help of the elastic constants,
tabulated in Table 2. Below are the formulae used to obtain
these parameters.’”°

IXBxG
E=——— 2
G+3xB )
Mater. Adv., 2023, 4, 6645-6654 | 6649
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_3XB-2xG 3)
"T2(G+2xB)
G, — Cn —C125+3 X Caq )

_ 5% Caa(Cr1 — Cr2)
4 x Cy+3C1H —Cp2

Gr (5)
Ductility and brittleness are important characteristics in the
study of the structure of any particular crystal. The Cauchy
pressure, C11-Cy4, can indicate the ductility of a crystal.40 If the
difference between these constants is positive, the material will
be ductile, otherwise brittle. Both of our crystals have positive
Cauchy pressures, 8.63382 GPa for SiSnO; and 8.7825 GPa for
SiGeO;, showing that they both exhibit ductility. Therefore, our
selected SiMO; crystals are mechanically ductile, anisotropic,
tough, and fracture resistant. Materials with such characteris-
tics have vast applications in the field of modern technology.

3.4 Optical properties

To calculate the optical properties of our selected crystals, we
used incident photons with energy ranges from zero to 14 eV,
using the estimated equilibrium lattice constant and the
dielectric function ¢(w) to obtain all the optical characteristics
of both crystals.

3.4.1 Dielectric function. The dielectric function is repre-
sented by ¢(w) and given by the equation ¢(w) = & () + iey(w). It
consists of two parts. The first part represents the real part, and
the second part represents the imaginary part. Fig. 5 demon-
strates the distribution of incoming photons for the crystals
and electronic polarizability. The real part of SiGeO; starts from
4.3 at 0 eV and increases to 9.5 at 5.2 eV; it then decreases to 3.6
at 5.5 eV. At 6 eV, its value gets little greater and reaches 4, after
which it decreases with fluctuating values and shows the lowest
value of —1.9 at 9 eV, and its value reaches zero (approximately)
at 12.5 eV. The imaginary part of the same crystal starts from
zero at 0 eV and remains at zero until it reaches an energy value
of 3.5 eV. It then increases to the highest value of 8 at 5.5 eV.
Other peaks observed for the same part of the same compound
are 7.5, 4, and 1.7 at 6, 9, and 13.5 eV, respectively. It is also

10

SiGeO; Real g,(0)
Si(:cﬂj Im €, ()

SiSnOJ Real € ()
SiSnO; Im &,(®)

L1

Dielectric Function

Energy (eV)

Fig. 5 Dielectric function &(w) of SIMOz molecules.
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clear from the same graph that the real part of SiSnO; shows a
value of 4.4 at 0 eV, and upon increasing the energy, its value
increases to a maximum value of 7.6 at 4.5 eV. The graph
summarizes that the value remains fluctuating until 14 eV with
the following peaks: 5.5, 1.7, 0.1, and —2.5 at 5.3, 7.5, 9.5, and
13.5 eV, respectively. The imaginary part of the same com-
pound is depicted in the same graph, starting from 0 at 0 eV,
and has the same value up to the energy value of 3 eV. Further,
its value increases to 7.8 at 5 eV and decreases to 4 at 4.5 eV,
then increases again to 7.9 at 6.3 eV; we observe peaks at 5.8,
3.2, 3.5, 2.4, and 1.8 at 7.5, 9.5, 10, 11.6, and 13.5 eV, respec-
tively. According to the Penn model, those crystals with a
greater energy band gap result in smaller values of the static
dielectric function.*'™ Fig. 5 demonstrates that the behavior
of the real parts of both crystals shows similar behavior at low,
intermediate, and higher energies, and the same behavior is
shown by their respective imaginary parts of the dielectric
function ¢(w).

3.4.2 Refractive indices. From the calculated values of ¢ ()
and &,(w), we can derive values of different parameters for the
calculation of different optical properties of any crystal, such as
the refractive index represented by #n(w), conductivity repre-
sented by a(w), absorption coefficient represented by I(w), and
reflectivity represented by R(w). Fig. 6 represents the computa-
tionally calculated values of the refractive indices of SiMO,
crystals. The refractive index at 0.0 eV, 5(0), for SiGeOj; is 2.1
and that of SiSnO; is 0.4. There is a large gap between the
refractive indices n(w) of both the compounds at all energies.
Some prominent peaks of the refractive index of SiSnO; are 3.2,
1.5, and 0.7 at 5, 8.7, and 13.5 eV, respectively. The refractive
index peaks of SiGeO; are 0.5, 0.4, and 0.5 at 5.5, 12, and
13.5 eV, respectively. The computed data analysis demonstrates
that the refractive index of SiSnO; is > 1, with a photon energy
of <9.5 eV; compounds that possess large number of electrons
are normally more refractive. Thus, any process which
increases the electron density increases the refractive index.

3.4.3 Absorption coefficient. The absorption coefficient,
I(w), was calculated from the dielectric function, ¢(w), as shown
in Fig. 7. It is evident that at 0 eV, both compounds have zero

35
3.0 SiGeOy
SiSnO,
2.5 4
"E.
2 2.0 4
<~
i
&
& 1.5

1.0

0.5 -

0.0 T T T T T
0 2 4 6 8 10 12 14
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Fig. 6 Calculated refractive indices of compounds SiMOs.
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Fig. 7 Calculated absorption coefficient of crystals SIMOs.

absorption coefficients, and they are zero until 2.7 eV for
SiSnO; and 3.4 eV for SiGeOj;. This means that the threshold
energy for SiSnO; is 2.7 eV and that for SiGeO; is 3.4 eV.
Further, the absorptivity of both the compounds is nonzero
and remains > 45 for until 14 eV. The fluctuating values of I(w)
for SiSnO; are 140, 45, 100, 150, and 220 at 4.9, 7.3, 9.9, 11.3,
and 13.5 eV, respectively. For SiGeOs, the peaks are 70, 130, 150,
and 195 at 5.5, 6.8, 9, and 13.5 eV, respectively. Therefore, from
2 to 6 eV, SiSnO; has good absorptivity; from 6 to 11.5 eV,
SiGeO; has better absorptivity; and after that SiSnO; again has
better absorptivity.

3.4.4 Reflectivity. The reflectivity of the crystals, R(w), is
derived from the dielectric function. The threshold values of
both the compounds are nonzero and are 0.15 and 0.18 for
SiGeO; and SiSnOj;, respectively. Some observed peaks for
SiSnO; are 0.4, 0.51, and 0.66 at 3.6, 5.4, and 13.5 eV, respec-
tively. For SiGeO;, prominent peaks are 0.32, 0.35, 0.41, 0.42,
and 0.55 at 5.3, 7, 9.1, 11.5, and 13.5 eV, respectively. The
reflectances at zero-frequency R(0) for SiSnO; and SiGeO; are
0.54 and 0.72, respectively. The greater the reflectivity of the
crystal, the lesser the transparency. Upon comparing the reflec-
tivity of both these compounds, SiGeO; is more transparent
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Fig. 8 Reflectivity R(w) of incident light from the SiMO3 crystals.
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before 6.5 eV, after which SiSnO; is more transparent until
12 eV, and from 12 to 14 eV, SiGeO; is more transparent again as
is depicted in Fig. 8. Those materials which have good transpar-
ency are recommended in making efficient lens materials.

3.4.5 Optical conductivity. The optical conductivity o(w) is
defined as the relationship between the induced current den-
sity and the absolute value of the induced electric field in the
substance, at any particular frequency for any specific material.
This property is used to represent the photon conduction inside
a material. With the help of the dielectric function, as depicted
in Fig. 9, for both of our selected crystals, the photon con-
ductivity is zero at 0 eV and remains zero up to 2.4 eV, then the
value for SiSnOj; increases to 6700 at 3.4 eV and to the highest
value of 7600 at 4.4 eV. Meanwhile, for SiGeOj;, the value
remains zero until 3.1 eV; the value of the conductivity reaches
6400, 5000, 6600, 5400, 3100, and 3200 at 5.3, 5.9, 6.9, 8.8, 10.5,
and 13.4 eV, respectively. Similarly, the value of the photon
conductivity for SiSnO; decreases to 1000 from 7600 at 7 eV and
increases to 4200 at 10 eV. After that, it decreases slightly at
10.3 eV, then another peak of 5000 at 12.5 eV. Therefore, in the
energy range of 2.2 to 5 eV, SiGeOj; is more conductive, whereas
in the energy range of 5 to 9.5 eV, SiSnO; is more conductive,
after which the situation reverses until 13.5 eV.

3.4.6 Energy loss function (ELF). The ELF demonstrates
the energy lost by an electron when it moves through a
particular compound. The same function may be used to define
intraband, interband, and plasmon interdependence. Herein,
the calculated energy loss by an electron as shown in Fig. 10
indicates that the ELF values for both of our selected com-
pounds are zero from 0 to ~2.9 eV. For SiGeOj, the value
remains zero until 3.5 eV. For SiSnOj;, after 2.9 eV, the value
increases and reaches the highest value of 0.88 at 7 eV and
decreases to 0.35 at 8.3 eV; other peaks are 0.44, 0.36, and 0.45
at 10.3, 11.2, and 12.5 eV, respectively. For SiGeOj3, the value of
the ELF increases continuously from 3.5 to 12.2 eV at a varying
rate with the following peaks: 0.12, 0.26, 0.39, and 0.9 at 5.8,
8.5, 10.1, and 12.2 eV, respectively. Thus, at low energy, both
compounds do not absorb any electron energy; at the inter-
mediate level, i.e., from 6 to 8.2 eV, SiSnO; is an excellent
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of SiMOs.

absorber of electron energy; whereas at higher energies, i.e.,
from 10 to 12.2 eV, SiGeO; is a good absorber.

4. Conclusion

We computed the elastic, structural, optical, and electrical proper-
ties of SIMO; crystals. Harmony and coherence make our results
more precise. Structural characteristics show that SiMO; crystals
are cubic and stable. The basic elastic constant, anisotropy factor,
Poison ratio, ductility, Cauchy pressure, shear modulus, Pugh ratio,
and Young modulus are predicted by IRelast. Based on these
fundamental elastic properties, both materials are ductile, aniso-
tropic, elastically stable, and scratch resistant. These studies proved
that these crystals can be employed in several electronics applica-
tions. The calculation of SOC with TB-mB] demonstrated that
SiGeO; is a semiconductor, and SiSnO; exhibits intermetallic
properties. The TDOS and PDOS results are as follows: O-tot, with
a peak of 2.8 at —1 eV, dominates SiSnOs’s valence band. The same
states have maxima at 1.8, 2, and 2.6 at —1.5, —1.2, and —0.6 €V,
respectively. The Si-s state contributes 2 at —5.8 e€V. The Si-p state
contributes most to the conduction band of the same crystal, with a
peak of 3.3 at 4.5 eV. The contribution of O-tot is from 3.6 to 4.6 eV,
with a peak of 0.4 at 4.5 eV. For SiGeO3, in the valence band, the O-s
state has the major contribution in the energy range from —6 to 0
eV. It has different peaks at different energy levels, such as 0.5, 0.6,
and 1.5 at —7.5, —6, and —2.5 eV, respectively. The Ge-s state in the
same band has peaks of 0.7 and 0.8 at —7.5 and —1 eV, respectively.
In the conduction band, Ge-p has the largest contribution with
peaks of 0.6 and 1.7 at 4.9 and 6 eV, respectively. Further, due to a
low absorption coefficient, optical property analysis demonstrated
that SiSnO; and SiGeOj; can be used in high-frequency UV devices.
To the best of our knowledge, this is the first DFT-based examina-
tion of the characteristics of these crystals.
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