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Abstract

The optoelectronic properties of doped BaSiO5-based semiconductors play a very significant role in modern optoelectronic
devices. We provide key insights into their versatility and potential in developing technologies by analyzing their struc-
tural, electrical, elastic, optical and thermoelectric properties using Wien2k software and GGA + U method. The aim of
this research is to enhance the usability of complex resources for new and practical applications. We begin our analysis by
applying Birch-Murnaghan fitting to study the structural features of BaSiO; crystals doped with Er** and Yb**" This study
explores the structural, electronic, and thermoelectric enhancements of BaSiOs; semiconductors doped with Er** and Yb*.
Through detailed analysis, we have identified critical modifications in the lattice parameters and crystal structures, confirm-
ing an improvement in general stability and functionality. Notably, doping has effectively reduced the energy band gap from
1.12 eV in undoped BaSiOs to a metallic state, optimizing the material for optoelectronic applications. The introduction
of Er** significantly increases optical absorption and reduces the optical band gap, while Yb** extends absorption into the
near-infrared spectrum. Both dopants particularly enhance the thermoelectric properties of BaSiOs, with a marked increase
in the power factor. Additionally, these doped materials show substantial absorption of ultraviolet photons and moderate
reflection across infrared and visible spectra. The findings from this research position Er** and Yb®* doped BaSiOs as promis-
ing materials for advanced thermoelectric and optoelectronic applications, suggesting potential for significant technological
advancements in energy-efficient devices.
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spurred research into developing efficient and cost-effective
energy conversion materials. Among the many materi-
als studied for energy conversion applications, inorganic
crystalline materials have attracted significant attention
due to their distinctive and adjustable optoelectronic and
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with rare earth elements such as Erbium (Er**) and Ytter-
bium (Yb*") [5, 6]. These elements alter the electronic and
optical properties of the host material, thus improving its
functionality in energy conversion settings. Due to their dis-
tinctive optical and electronic characteristics, Erbium and
Ytterbium have garnered extensive interest as dopants. Spe-
cifically, Erbium is renowned for its robust absorption and
emission within the visible and near-infrared spectra, while
Ytterbium is notable for its high absorption coefficient in the
near-infrared range [7-10].

Extensive research, including studies by Wang et al. and
Kumar et al., have validated the synthesis and enhanced
luminescence properties of Erbium and Ytterbium-doped
BaSiO:; crystals under varying dopant concentrations and
synthesis conditions. These studies have illustrated the
potential to fine-tune the material’s electronic and optical
properties, which is crucial for optimizing their application
in energy conversion technologies [11, 12].

Despite existing research, there remains a gap in compre-
hensive analysis concerning how varying concentrations of
dopants and different synthesis conditions affect the overall
performance of BaSiOs crystals. This study aims to fill this
gap by exploring the optoelectronic and thermoelectric prop-
erties of BaSiOs crystals doped with Erbium and Ytterbium,
employing advanced simulation techniques such as Wien2k
and GGA + U methods. Our objectives are to unravel the
fundamental mechanisms that underpin the enhanced perfor-
mance of these doped crystals and to identify key parameters
that could be optimized to further improve their efficiency
and effectiveness in energy conversion applications. This
research is poised to contribute significantly to the devel-
opment of next-generation materials for sustainable energy
solutions.

This study was motivated by the need to improve the effi-
ciency and functionality of BaSiOs-based semiconductors
in renewable energy devices. Despite significant advance-
ments in material science, the full potential of BaSiOs in
optoelectronic applications has not been fully realized due
to limitations in understanding and optimizing its doped
properties. Our research aims to fill these gaps by providing
detailed insights into the optoelectronic and thermoelectric
properties of BaSiOs doped with Er** and Yb**, thus paving
the way for more efficient and cost-effective energy conver-
sion materials.

2 Computational Method

The computational study of BaSiO; crystals doped with
Er’* and Yb®* (see crystal structures in Fig. 1) was car-
ried out using the WIEN2K code [13] and the full potential
linear augmented plane wave (FP-LAPW) methods, based
on density-functional theory (DFT) [14—16]. For handling

@ Springer

w |

(©

R/
/e,_., ._.,).

e r

Rk 4\."

/
-~

.44;.‘;;\ 4

Fig.1 Visualization of cubic primitive crystalline unit cell of a
BaSiO;, b BaSiO;:Er**, and ¢ BaSiO;: Yb** compounds
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the exchange—correlation functional in order to provide
favorable magnetic characteristics, we use the generalized
gradient approximation GGA [14], as well as the GGA+U
[17], where U is on-site Coulomb interaction correction. We
employed the GGA + U to accurately forecast optoelectronic
properties because GGA does not correctly treat optoelec-
tronic properties of materials with significant electronic cor-
relation. As a result, Hubbard's adjustment was applied to
compensate for effective Coulomb interaction parameters
between Er and Yb atoms’ coupled electrons. These findings
show that the GGA + U formalism may be used to inves-
tigate the band structure as well as optoelectronic proper-
ties of a wide range of materials with significant electronic
correlation. The supercell size of 2 X 2x2, utilized in our
simulations to model the doped BaSiOs system, provides
an optimal balance between computational efficiency and
the detailed representation required to accurately assess
the material's electronic and optical properties. This choice
ensures precise simulation results while managing compu-
tational resources effectively.

In our computational approach, the self-consistent field
(SCF) cycles were carefully monitored to ensure accu-
racy and stability of the results. The energy convergence
threshold was set at 10* Ry per formula unit, which is a
stringent criterion that aids in achieving precise and reli-
able outcomes. This setting was crucial for ensuring that
the electronic structure calculations were thoroughly con-
verged, providing a robust basis for our analysis. We have
adjusted the initial recommendations in this study to Ryx
K.« = 8.0, where R, is the smallest atomic sphere radius
and K, is the highest value of the biggest K vector in the
plane wave expansion, and the angular momentum vector
is kept at 1,, =10. To execute integration over the first
Brillouin zone BZ, the complete Brillouin zone is sampled
with 1000 k-points. When the self-consistent calculation
reaches 10* Ry per formula unit, it is said to have reached
energy convergence. The Er-4f1% orbital transition metal is
closely associated with different U values (where U=0, 3,
4,5,6,7,8 and 9 eV) in this computation. Where we found
stable values on 7 eV.

Figure 1a illustrates the crystal structure of a BaO-SiO,
compound, highlighting the arrangement of Ba (green
spheres) and Si (blue spheres) atoms, interconnected by O
(red spheres). The structure provides insights into the lat-
tice framework and potential interaction points for electronic
properties. Figure 1b Depicted here is the doped crystal
structure of BaO-SiO,, where Er (light blue sphere) is intro-
duced into the matrix. The incorporation of Er atoms dem-
onstrates the modification in the crystal lattice, which may
influence the optical and electrical properties of the material.
Figure 1c shows the Yb-doped BaO-SiO, crystal structure,
with Yb (light blue sphere) atoms integrated within the lat-
tice. Yb doping is known to affect the material's dielectric

and magnetic properties, making this visualization crucial
for understanding the structural changes.

3 Results and Discussion

An extensive analysis of a material's mechanical, electrical,
and optical properties is necessary before it can be used in a
variety of applications. These characteristics work together
to determine the material's suitability for a variety of uses,
including energy conversion systems and structural parts in
engineering and electronics.

3.1 Structural properties

We used an optimization approach, which minimizes the
total energy, to thoroughly analyze the lattice parameters
for the compounds BaSiO5, BaSiO;:Er*t, and BaSiO;:Yb**.
In order to perform this optimization, the unit cell capacity
was changed, and the total energy was tracked in relation to
these variations. Figure 2 presents the data that illustrates the
correlation between energy and volume. We used a fitting
method based on the Murnaghan equation of state to extract
important ground-state properties of these compounds,
including important parameters like the lattice constant (a,),
bulk modulus (B, pressure derivatives of the bulk modulus
(By), equilibrium volume (V) at zero pressure, energy gap
(Eg) in electron volts (eV), and ground-state energy (E) in
Rydberg (Ry) [18].

B,(V) Y v, \* |
B,/(B, — 1)[B< - 7) * <7> -1
where E, ,(V), V, B, and B,/ is the total energy as a function
of volume bulk modulus and the last one represent the pres-
sure derivative of bulk modulus, where V,, is the reference
volume.

Table 1 provides the comprehensive numerical findings
for these features. This table provides a thorough reference
for the basic characteristics of the compounds that have been
optimized. In particular, Table 1, indicates the lattice param-
eters for BaSiOs, BaSiO,:Er**, and BaSiO;:Yb** accord-
ing to our findings. In order to investigate the concept of
material hardness, the bulk modulus (B), which measures
a material's resistance to compression, might be taken into
consideration. Greater hardness is essentially indicated by a
higher bulk modulus, which suggests that the material is less
likely to compress or deform under pressure.

A 40 GPa threshold is frequently applied as a criterion
when discussing hardness [19, 20]. Bulk moduli greater
than this are usually classified as very hard, which shows

low compressibility and hard crystalline formations. For
BaSiO;, BaSiO;:Er*", and BaSiO;:Yb*", the computed

E (V)=E,(V)+
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Fig.2 Structural optimization curve for a BaSiO; using GGA b
BaSiO;:Er**, and ¢ BaSiO;: Yb** using GGA +U

bulk modulus values (B,) were 180.56, 169.13, and 188.10
GPa, respectively. These findings show that BaSiO; and
BaSiO5:Er’* is less prone to deformation and compression
than BaSiO3:Yb3Jr because it has a much higher degree
of hardness and stiffness. Understanding these materials'
mechanical characteristics is important because it affects
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how well they work in different applications, especially ones
that call for materials with high stiffness and hardness levels.

3.2 Band structure

We used the PBE-GGA and GGA + U approximations to
calculate the spin-polarized electronic band structure along
with the density of states of the Er/Yb-doped BaSiO; com-
pound at its stability lattice parameters in this study. The
band structures of the BaSiO; compound along the high
symmetry directions of the first Brillouin zone are shown
in Fig. 3 for the GGA approximation, Figs. 4, and 5 for the
GGA + U respectively. The energy bands in the valence band
cut the Fermi level in minority -spin states (spin-down case),
but they are placed bottom the Fermi level in majority -spin
states (spin-up case), proving the complete half-metallic
characteristic of this compound.

3.3 Density of States

To compute various optical properties and the distribution of
electrons and holes within a material, we need to know the
density of states. The density of states (DOS) is defined as
the number of available electronic states per unit energy per
unit volume. The contribution of various electronic states in
the valance and conduction bands determines the electronic
band structure of semiconducting materials. The density of
states accurately explains the contributions of various elec-
tronic states in the valence /conduction band [21]. We can
use the density of states to investigate electronics and their
particular atomic and orbital origins. We estimated the total
as well as partial density of states for BaSiO; doped with
Er and Yb materials with GGA, and GGA + U as shown in
Figs. 6 and 7a, b and c.

In Fig. 3.1, the TDOS and PDOS of BaSiO; with Er—
doped in the energy range of E;-12 eV to E;-10 eV are com-
puted. E; stands for fermi level. The valance band is shown
to the left of E;, whereas the conduction band is shown to
the right of E,.

This image clearly illustrates that the TDOS is about the
same in both spins (Up and Down), confirming the material's
semiconductor nature. The bandgap between the valence and
conduction bands is about 2.9 eV. The PDOS plot is shown
in Fig. 7a-c. In the energy range of (-13 eV to-11 eV), Ba-p
states dominate the lower valance band, whilst O-p states
dominate the top valence band. A peak of Er-s can also be
seen in the valance band, which is at-6.4 eV. The conduction
band minimum is primarily made up of Er-s and Er-f states,
whereas the conduction band maximum is primarily made
up of Er-d and Ba-d states, with minor contributions from
Ba-p states.
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Table 1 Estimated parameters,
lattice constants (a;), Bulk
moduli, (B), pressure derivative

of bulk modulus B’, ground
state volume (V) and ground
state energy (E,), for BaSiO;,
BaSiO5:Er’", and BaSiO;: Yb**
compounds

5371
BaSiO, BaSiO;:Er’* BaSiO;: Yb**
Experimental This work This work This work
parameter/method GGA GGA+U GGA+U
lattice constant a, A) a=5.518273 a=5.4354996 a=5.407908 a=5.418945
¢=13.280251 c=13.0810472 c¢=13.014646 ¢=13.280251
equilibrium volume V,, (A%) 63.71 63.33 63.10
bulk modulus B, (GPa) 169.13 188.10 176.38
first pressure derivative B’ 4.75 5.52 597

BaSiO:

Energy(eV)

V4

“R I X M I

Fig.3 Band structure of BaSiO; using GGA

Figure 8 shows the TDOS and PDOS of Yb doped BaSiO,
in the energy range of-15 eV to 8 eV. According to the
TDOS graph, the energy band gap is around 3.9 eV.

There will be some overlapping at the Fermi Energy level,
which shows the metallic nature of the material. Figure 7a, b
shows PDOS graphs in which Ba-p states dominate the lower
valence band in the energy range of (14.8 — -12.3 eV) O-p
states contribute minimally in the energy range of (-12 eV—
-4 eV) and Ba-s states dominate the upper valence band. The
conduction band minimum is majorly composed of Ba-s
states along with Yb-f states and also Yb-s and Ba-p states
contributed minutely, while the conduction band maximum is

contributed mainly by Yb-s states along with the contribution
of Ba-p states, and Yb-fstates also contributed minutely.

3.4 Optical Properties:

Optical properties are significant to determine photovoltaic
device efficiency and explore their viability for solar applica-
tions. The optical features of solid are computed using inter-
actions of incoming photons by electrons in compounds. The
majority of energy-dependent optical features are determined
by the material's electronic band structure. The electronic
density of states for different energies above and below the
Fermi level is determined by this band structure, so these states
are implicated for photon-induced electrical transformations.
This section contains, the dielectric function, optical absorp-
tion coefficient, refractive index, reflectivity, optical conduc-
tivity, and energy loss function of Er and Yb doped BaSiO,
are computed with various incident photon energies using the
FP-LAPW + 1o method. A material's optical response at all
photon energies can be represented by a complex dielectric
function g(w).

3.4.1 The Dielectric Functions £"(w):

An important parameter to address the optical properties is
the calculation of the dielectric function “e(w)” which dis-
cusses light-matter interaction. This parameter can be divided
into real “¢’(w)” and imaginary €” (®) components obtained
from Kramer-Kronig relations as explained previously [22].
The dielectric functions of metallic materials consist of intra-
band as well as interband transitions. Intra band transitions, on
the other hand, contribute very little to the dielectric function
in semiconducting systems. As a result, we've only included
interband transitions in our computations so far. Because of
its little contribution to £(w), the indirect interband transition
can be ignored when compared to the direct interband transi-
tion [23]. Dielectric function e(m), is used to compute optical
properties also calculated in the following way [24, 25]:

e(w) = /(o) + ie’ () (1)
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Fig.4 Band structure BaSiO::Er
of BaSiO;: Er for spin up 1 and ¢
spin down | using GGA +U
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Fig.6 The Calculated TDOS of Er-doped BaSiO,

] —— —— — Er
\ To compute the imaginary component of the complex
dielectric function "’ (), use the following formula. [26]:
2 e’ (0) = 4n & Z / (iMj)°F;(1 = F,)8(E;j — E;; — 0)d’k
R r X M r m’e? & ' v ’

@
o is the photon energy, M is the dipolar matrix element, e is
the charge of an electron, m is the mass of an electron, and
F,; is the Fermi distribution function of i"(j") electronic
state. E;, and E; represents electron energies of i and j®
levels. The energy is conserved using the delta function. By

Fig.5 Band structure of BaSiO5: Yb using GGA
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using Kramers—Kronig transition, the real part of a complex
dielectric function, £’ (w)could be derived using the imagi-
nary part of a complex dielectric function, €”(w), by follow-
ing equation [26, 27]:

35‘
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Fig.8 The Calculated TDOS of Yb doped BaSiO;. a, b The Calcu-
lated PDOS of Yb doped BaSiO;

g =1+

2 o 1" d
/ we” (0)d w 3)

) o o —w?

The real or imaginary parts of e(w) could be used to
extract various terms, like absorption coefficient a(w),
refractive indexes n(w), conductivity o(w), reflectivity
R(w), or energy loss L(w) [28]:

1 12 2 2 2

n(w) = — [8 (@) + /() + " (n) ()
V2 ' ]

a(®) = V2o [\ (@) +¢" (@) - e@)] 5)

o(0) = %e(m) 6)

R(w) = @)
|\/e(m) n 1|
8"((1))
L(®) = — 2
(®) g2 + ¢ ®)

Figures 9 and 10 show changes in imaginary & real
parts of a complex dielectric function of Er and Yb doped
BaSiO; with the energy of an incident photon. The real part
¢'(w) depicts light dispersion as it interacts with host lat-
tice, whereas the imaginary part €’ (o) depicts absorption
of light because of interband electronic transformations.
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10 The Penn model may explain the static value of the dielec-
||—Ybs (a) tric function €’(0), which significantly connected with the
;Z:z bandgap (inverse relationship with bandgap) [29, 30], and
84 Ba-p is given by the relation;
4 Si-s 5
e Si-p hw
64|—o0= e0) =€)~ 1+ <E—"> ©)
|[=—o0p g
44 Equation (9) represents the static value of the real part
of the dielectric function, €'(0), which is crucial for under-
] standing the optical properties of materials. In this equation,
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Fig. 10 Calculated Imaginary part of dielectric function
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ho, is the plasma energy, where 7 is the reduced Planck
constant and w,, is the plasma frequency, representing the
collective oscillations of the free charge carriers within the
material. E, is the energy band gap of the material, indicat-
ing the minimum energy that electrons require to transition
from the valence band to the conduction band. The equation
approximates €'(0) as being directly influenced by the ratio
of the plasma energy squared to the square of the energy
band gap, illustrating how the electronic properties of the
material affect its optical response. This relation is crucial
for evaluating the optical performance and electronic struc-
ture of the doped BaSiOs crystals.

In current work, the dielectric function’s static value
is 3.5 for Er-doped BaSiO; and 2.3 for Yb doped BaSiO;.
As can be seen in Fig. 3.3, €¢/(») increases gradually with
increasing energy to reach a maximum value of about § eV
for Er-doped BaSiO; and 7 eV for Yb doped BaSiO;, then
decreases faintly by increasing energy, reaching zero-cross
value on 11.3 eV for Er-doped BaSiO; and 12 eV for Yb
doped BaSiO;, this correlates to Plasmon Resonance.
Beyond these energies, it exhibits a negative sign within
(11.5 eV to 14 eV), which shows that no wave would propa-
gate farther. This negative €' (o) illustrates BaSiO; metals-
like nature. The modest change of &' (w) spectrum towards
high energy & bandgap modification in ultraviolet energy
range shows the significance of BaSiO; used for optoelec-
tronic application.

The Imaginary part of a dielectric function £”(w), which
is shown in figure 3.4, depicts an optical transformation
method. The Imaginary part of a complex dielectric func-
tion among unoccupied or occupied states among conduc-
tion or valence band (interband transitions), electronic states
can be used to identify possible electronic transitions. In
line with magnitude and peak positions in TDOS centered
on the Fermi level, the imaginary component of a dielec-
tric function rises and shows peaks. The incoming energy
absorbed by BaSiOj is expressed by €” (w). The critical value
of ¢’ (w) is a one-of-kind characteristic that indicates thresh-
old energy below & above which BaSiO; exhibits transmis-
sion or absorption, respectively.

Photon absorption occurs only when the photon energy is
high enough to stimulate the transition of electrons from the
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valance band maximum to the conduction band minimum.
For Er-doped BaSiOs, it is clear that until 2.9 eV, ¢”’(w) is
zero, after that it climbs to its highest value in the UV range
(peak about 9 eV), and then gradually decreases as pho-
ton energy increases. For Yb doped BaSiO; it is clear that
until 3.7 eV, " (o) is slightly increasing, after that, it climbs
to its highest value in the UV range (peaks about 9.7 eV
also 11 eV) and then gradually decreases as photon energy
increases. From the graph, it is seen that maximum absorp-
tion is in the UV region.

3.4.2 Absorption Co-efficient a(w):

When deciding whether a material is acceptable for solar
cell applications, the absorption coefficient a (®) is signifi-
cant. The amount of light absorbed by a specific substance
is measured by this coefficient. This parameter explains the
possible electronic transformation of electrons from VB to
CB upon receiving photon energy. The spectrum of absorp-
tion coefficient can reveal information about a semiconduct-
ing material's optical absorption range, revealing potential
uses of the material in optoelectronic devices. The spectrum
of optical absorption coefficient derived using the GGA +U
formalism for Er and Yb doped BaSiO; is given in Fig. 11.
The absorption coefficient's magnitude is determined by the
geometry of the electronic band structure and matrix ele-
ment of electronic transitions.

Absorption coefficient o (w) is strongly connected with
¢’(w) and describes the quantity of incident light attenu-
ated by compound or subsequent decay of this light roaming
through absorbing medium [31].

Absorption coefficient begins to rise at photon energies
greater than 4.0 eV for Er-doped BaSiO; and 4.5 eV for Yb
doped BaSiO;, and then peaks at 13.5 eV and 13.3 eV for

6o | =™[BaSiO,]:Er
]| =—[BasiO ]:Yb

& ()

0 2 4 6 8 10 12 14
Energy(eV)

Fig. 11 Calculated Optical Absorption Coefficient

Er-doped BaSiO; and Yb doped BaSiO; respectively. This
maximum value arises due to the interband transitions from
the bonding band to the anti-bonding band respectively. It
shows that these modified materials could be used as prom-
ising materials to optoelectronic devices operating through
the UV area because of their extraordinarily strong cut-off
response, especially in such energy regions. Figure 3.5
also shows that throughout the entire visible region o (@)
is negligible, after which it steadily increases, which shows
that these doped materials are optically translucent in this
region. This is simple to understand that when visible light
is incident on these doped materials, they do not absorb any
of it and the entire part of the light passes through them.
This opens up a lot of possibilities for using these materials
as a hole transport layer in solar cells. It will improve the
solar cell's efficiency by allowing all incident solar light to
be absorbed [32, 33]. The increase in absorption trends for
BaSiOs crystals doped with Er’* and Yb* is primarily due
to the doping-induced reduction in the energy band gap. Er**
enhances optical absorption by modifying the crystal lattice
and lowering the optical band gap, allowing for transitions
at lower energies. Simultaneously, Yb>* doping extends
absorption into the near-infrared spectrum, broadening the
material's responsiveness across various wavelengths. These
changes optimize the material for improved optoelectronic
applications.

3.4.3 Refractive Index n(w):

Electromagnetic waves’ behavior in solid materials is exten-
sively described by n(w). The bending of light as it passes
obliquely through a substance is measured by n(w). A high
refractive index corresponds to the narrow bandgap and
vice versa. If n(w) is close to zero, the material is transpar-
ent, but positive values indicate light absorption. When a
photon is incident on the lattice, the refractive index n(w)
analyses the type of interactions that occur and describes
the bonding types in material [34]. For strong interactions
of shared electrons with incoming photons to reduce their
energy, covalently bound materials have a higher n(w) value
than ionic compounds. The degree to which a material is
transparent can be explained by n(w), with semiconductors
ranging from 2-3 [35]. Figure 12 illustrates a broad range
graph of n(w) for both modified systems, demonstrating that,
n(o) spectrum approximately follows the real part of £'(®)
graph,this demonstrates that such doped systems maintain a
positive value of n(w), which characterizes both the behav-
ior of incident light as it interacts with the material and the
general extent of light refraction.

Static value of n(w) for Yb doped BaSiO; is 1.82. This
number continues to rise, throughout the visible region,
reaching its maximum value of 2.45 at 7.9 eV lying in the
UV region. With increasing energy, n(w) decreases, which
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Fig. 12 Calculated Refractive Index

shows that incident light’s emerging photons have fewer
interactions with materials. As they are both interconnected
by statement n(0) = 4/¢’(0), the tendency of fluctuation
of n(®) matches almost identically with that of the &'(®)
spectrum [31]. Also, the static refractive index of Er-doped
BaSiOj is 2.0. The first small peak of n(w) is observed at
0.4 eV having a value of 2.1 and then suddenly decreases
to 1.25 at 0.6 eV. After this energy, the value of n(w) starts
increasing and reaches its maximum value of 1.75 at 5.6 eV
lying in the UV region.

At energy points of 11.8 eV for Er-doped BaSiO; and
13.5 eV for Yb doped BaSiO;, n(w) touches unity. n(w) falls
below unity above these energies. This shows that group
velocity V, of the incident light is larger than the speed of
light in a vacuum, causes V,, to move to the negative domain
and the nature of the medium shifts from linear to non-lin-
ear, enabling that material to be superluminal in UV range
[36, 37]. In other words, for high-energy photons, the mate-
rial becomes superluminal. The higher value of n(w) is posi-
tioned in the UV region, confirms that the current material
has higher optical absorption of UV light.

3.4.4 Energy Loss Function L(w):

This spectrum explains the electrons’ energy loss in material
or compound as they pass quickly through the medium due
to incident photon energy. L(w) reflects the likely interac-
tions of fast-moving electrons with a material, which occur
as a result of interband transitions, inner-shell ionization,
phonon excitations, and plasmon excitations [38].

When electromagnetic radiation interacts with a mate-
rial, its free conduction electrons are stimulated, allowing us
to identify plasmonic excitations. Peaks of L(w) relate with
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plasma resonance or the frequencies associated with it are
subsequent plasma frequencies. Both plasma frequency and
energy loss spectrum indicate the combined act of loosely
bonded electrons to their valance and conduction bands.

L(w) is the main component for checking the material
effectiveness of energy versus rapid electrons as shown in
Fig. 13. For Er-doped BaSiO; energy loss starts very early
and it exhibits its first peak at 0.5 eV having a value of 0.35.
After that, energy loss decreases rapidly and reaches its
minimum value of 0.05 at 1.5 eV. The second small peak
is observed at 2 eV having a value of 0.1. After that, the
value of L(w) gradually grows or approaches its highest
value of 0.65 at 12.5 eV, which is in the UV range. For Yb
doped BaSiO; energy loss starts at 0.5 eV having a very
small value of 0.02 and then gradually increases with the
increase in energy and reaches its maximum value of 0.17
at 12.5 eV, which is in the UV range. From the graph, we
see that these energy loss peaks occurred from plasmonic
excitations. Observation shows that maximum energy loss
functions exist when €'(®) cross zero. So, from this graph,
it is clear that for both doped BaSiO;, the maximum energy
loss of electrons is in the UV region and this loss is due to
the inelastic scattering of electrons within the solid.

3.4.5 Reflectivity Coefficient R(w):

As light falls on materials, absorption, transmission, and
reflection occur simultaneously. For investigating the
reflected light from the surface, the reflectivity coefficient
is also computed and plotted in Fig. 14.

R(0) is very low, that is 0.12 for Er-doped BaSiO; and
0.08 for Yb doped BaSiO;. Throughout the visible and
infrared regions, the computed reflectivity spectra reveal the
weak reflecting nature of Yb doped BaSiO;. In the UV range
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Fig. 14 Calculated Reflectivity Coefficient

reflectivity reaches its maximum value of 0.7 at 13.5 eV.
There is also weak reflection shown in the visible region for
Er-doped BaSiO;. The reflectivity spectrum shows a small
peak value of 0.15 at 0.5 eV, after that it suddenly decreases
to a minimum value of 0.03 at 0.9 eV in the infrared region
and, with increasing energy, maximum reflectivity occurs at
13.5 eV, having a value of 0.55 in the UV range.

Looking at the R(w) plot over the complete photon energy
range, It's obvious, that in the visible range, R(w) reaches
0.05 for Er-doped BaSiO; and 0.08 for Yb doped BaSiO;,
which shows that the majority of incoming light under this
low-energy band will be absorbed rather than reflected. The
maxima of the reflectivity spectrum are reached when £'(®)
attains negative values. Inter-band transitions are primar-
ily responsible for the high reflectivity maximum peaks
observed. Reflection for both Er and Yb doped BaSiOj; is
maximum in the UV region, but the overall value of reflec-
tivity for Er-doped BaSiO; does not increase over 0.55 and
0.7 for Yb doped BaSiO;. L(w) shows inverse relation with
R(w). Energy points where R(w) is greater smaller will be
L(w).

3.4.6 Optical Conductivity o(w):

In Fig. 15, the optical conductivity plot is shown, which
depicts the conductivity of the perovskite material during
optical stimulation generated by penetrating photon energy
beams [39]. Optical conduction is zero in the visible region
until roughly 4.5 eV and then rises to greater values in the
UV range, as seen in £’ (o) plot. The zero values inside the
visible region as well as least 6(w) in the low energy range
suggest that incident light within this energy range would not
be sufficient to evoke optical excitations for such material.

0.7 —
j ‘-—[BaSiO:]:Er

06d | [BaSiO_]:Yb

0.5+

0.4

R (w)

0.2+

0.1+

0.0

Energy(eV)

Fig. 15 Calculated Optical Conductivity

Optical conductivity’s real part does not start at zero pho-
ton energy, which indicates that an energy bandgap exists in
both Er and Yb doped BaSiO;. Hence, the material is a nar-
row bandgap semiconductor. Optical conductivity increases
with photon absorption.

From the figure, it is clear that for Yb doped BaSiO,
optical conductivity starts at 4.5 eV and with increasing
energy, optical conductivity reaches its highest value of 8.8
(Qm)~'at 11.9 eV. For Er-doped BaSiO; optical conductiv-
ity reaches its highest value of 2.8 (Qm)~' at 9.2 eV. Optical
conductivity is maximum in the UV region for both doped
BaSiO;.

The optical current caused by the released free carriers as
a result of incident energy is depicted in 6(w). The energy of
the incident photon causes bound valance electrons to move
into the conduction band. The behavior of optical conduc-
tivity and absorption coefficient plots are similar because
attenuation of incident light increases electron concentration
in the conduction band. All the important optical features of
Er** and Yb** doped BaSiO5 are shown in Tables 1 and 2.

3.4.7 Thermodynamics Properties

3.4.7.1 Debye temperature In our study, the thermody-
namic properties were calculated using the Gibbs2 code,
which is an integrated part of the WIEN2k software pack-
age, applying the GGA + U method. This setup enabled us
to accurately estimate thermodynamic parameters such as
Debye temperature, specific heat capacities, and melting
temperatures for BaSiOs crystals doped with Er** and Yb**.
This analysis is crucial for assessing the material's stability
and suitability for high-temperature applications.
Numerous thermodynamic characteristics of a substance,
including binding energies, vacancy formation energy, and
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Table 2 Tmportant Optical Features of Er** and Yb** Doped BaSiO;

Optical Constants Bandgap (eV) The real part of Static Maximum Absorption Maximum Opti- Plasmon
static dielectric func- value of coefficient a(w) (10* /em) cal Conductivity Energy
tion n(w) o(®@)(Qem)~! (eV)
£(0)

Er’* doped BaSiO; 2.9 35 2.0 150 2.8 11.3

Yb** doped BaSiO; 3.9 2.3 1.82 325 8.8 12

Table 3 Computed results of density p (in g/cm®), Debye Tempera-
ture ((Bp) in K), transverse velocity (V,), longitudinal velocity (V)),
and average elastic sound velocity (V,,), for the Er and Yb doped
BaSiO; compounds

Compounds  p (g/cm3) V.(m/s) V,(m/s) V_(m/s) 6p(K)
BaSiO; 5.78 1536.07 3724.87 2445.16  253.22
BaSiO;: Er  6.29 1167.56  2879.36  1506.72  223.25
BaSiO;: Yb  6.18 1066.34  2549.84  1403.30 198.56

thermal conductivity (x), melting point, and heat capacity,
exhibit direct correlations with the Debye temperature. The
Debye temperature can be determined using the expression.

1
h  (3n\Nap_3
=5 G ) 30 Y ®
where the symbols v,,, h, kg, n, NA,M and p represent the
average sound velocity, Planck's constant, Boltzmann con-
stant, the number of atoms in a molecule (Avogadro's num-
ber), mass density, and molecular weight, respectively.

The average velocity (v,,) for a crystalline material is
ascertained by computing both the longitudinal (v;) and
transverse sound velocities (v,) using the following equation,

3

1{ 1 1
e 10
Vo=l3( 757 ) (10)
v, = (33;{)40)12 (11
v,=[<9>] 2 (12)
p

In the given context, G and B represent the averaged val-
ues of the shear modulus and bulk modulus, respectively.

The outcomes of our calculations pertaining to various
parameters, including the transverse sound velocity (v,), lon-
gitudinal sound velocity (v,), average sound velocity (v,,),
Debye temperature (0,), and melting temperature (T,
for BaSiO; crystals doped with Er** and Yb>* are presented
in Table 3.
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The transverse sound velocity is now consistently denoted
as V,, the longitudinal sound velocity as V,, and the aver-
age sound velocity as V,, throughout the document. These
changes will enhance the clarity and readability of our analy-
sis on the sound velocities and their impact on the thermo-
dynamic properties of BaSiOs crystals doped with Er** and
Yb*.

3.5 Thermal Properties:

In this study, the thermoelectric properties of BaSiOs crys-
tals doped with Er’* and Yb** were calculated using the
BoltzTraP code, which was integrated with the WIEN2k
software utilizing the GGA + U method. This approach pro-
vided a detailed analysis of transport coefficients, including
the Seebeck coefficient (S), thermal conductivity (x), and
electrical conductivity (o). These were calculated as a func-
tion of the temperature between 0 and 750 K, as shown in
Fig. 16a-c. The black curve represents Er-doped BaSiO;,
while the red curve represents Yb doped BaSiO;. The tem-
perature range for our thermoelectric property calculations,
from O to 750 K, was chosen based on the operational stabil-
ity and practical application scenarios for BaSiO3 crystals
doped with Er’* and Yb®" [40]. This range encompasses the
typical conditions under which these materials would be
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used in devices, allowing us to capture the behavior of the
thermoelectric properties across a spectrum of temperatures
that are relevant for real-world applications [41]. Addition-
ally, this range helps examine the performance at low and
high temperatures, thus providing a comprehensive under-
standing of the material's efficiency and reliability under
varying thermal conditions [42].

Thermoelectricity is a process that converts tempera-
ture differences into electricity. Thermoelectric materials
have been researched for the conversion of thermal energy
to electrical energy for applications such as tiny detector
components, computer cooling, and thermoelectric refrig-
eration throughout the last few decades. The charge move-
ment for energy transfer causes a thermal gradient, which
causes a potential difference and a thermoelectric effect.
The increased thermoelectric efficiency is supported by low
thermal conductivity (k), high electrical conductivity, and a
larger Seebeck value.

3.5.1 Seebeck Coefficient:

"The Seebeck coefficient (S), commonly known as thermo-
power, measures the voltage generated per unit temperature
gradient (S=AV/AT) and varies depending on the charge
carrier type, exhibiting positive values for holes and nega-
tive for electrons [43, 44]. In our study, Fig. 16a illustrates
that the Seebeck coefficient decreases with rising tempera-
tures for both Er and Yb-doped BaSiOs. At room tempera-
ture (293 K), Er-doped BaSiOs exhibits a higher Seebeck
coefficient (0.7 x 107 V/K) compared to Yb-doped BaSiOs
(-0.5% 107 V/K). At 0 K, the values for Er-doped and Yb-
doped BaSiO; are 3.5x 107 V/K and 4 x 107> V/K, respec-
tively, demonstrating that Er-doped BaSiOs consistently
exhibits a higher Seebeck coefficient across the temperature
range up to 750 K, where it reaches 2.5x 107 V/K compared
to 0.5x 107 V/K for Yb-doped. This difference is largely
due to the lower bandgap of Er-doped BaSiOs (2.9 eV) and
its higher peak carrier concentration. Factors such as the
operating temperature and the distribution of states at the
band edge significantly influence the observed Seebeck coef-
ficient, which declines with temperature due to increased
carrier thermal motion [45]. The detailed band structure
analysis provided by the BoltzTraP code, as discussed by
Madsen and Singh (2006), enhances the accuracy of these
predictions by allowing precise calculations of transport
coefficients from derived band structures [23, 46]. The sign
of S also helps determine the semiconductor type: a posi-
tive S indicates p-type behavior in Er-doped BaSiOs, while
a negative S confirms n-type characteristics in Yb-doped
BaSiOs [47].

3.5.2 Thermal Conductivity:

Thermal conductivity for our materials was estimated from
the relation: k=A-AT-dQ where Q is the heat transfer rate,
A is the cross-sectional area through which heat is trans-
ferred, AT is the temperature difference, and d is the mate-
rial's thickness. This formula is also referenced from the
detailed thermal analysis methods in the VSb, material study
[48, 49].

The thermal conductivity k of a crystal lattice is an
important thermoelectric parameter that characterizes heat
conduction in terms of electrons and phonons. Low thermal
conductivity (k) materials can be used as insulation, whereas
high thermal conductivity (k) materials are typically used
as heat sinks [50]. The heat conductivity of thermoelectri-
cally effective materials should be lower to get a high fig-
ure of merit (ZT) [51]. Figure 17b shows the computed k
for the studied doped material against temperature in the
0-750 K. The curves of k for Er and Yb doped BaSiO; show
the increasing trend with the temperature rise. It increases
from 1 x 10"W/mK at 0 K to 7 x 10"W/mK at 750 K
for Er-doped BaSiO; while for Yb doped BaSiO; thermal
conductivity (k) increases from 1 x 10'*W/mK at 0 K to
9 x 10"W/mK at 750 K.

The reason for this rise is that the phonon wavelength
is longer than the crystal barrier at ambient temperature.
Because of scattering, any wave that is greater or equal to
the boundary will vanish and will not contribute to ther-
mal conductivity (x). The wavelength of phonons began to
decrease as the temperature increased. If the phonon wave-
length is smaller than the barrier, it will contribute to ther-
mal conductivity (k). Lattice vibrations are formed when the
temperature rises, and these are the source of mechanical
elastic waves for phonon contribution and free carriers for
electron contribution. At low temperatures, the contribution
of phonons can be ignored [52].

At room temperature (293 K), the thermal conductivity
(x) values for Er and Yb doped BaSiOj; are 3 X 10"W/mK
and 3.5 x 10"*W/mK respectively. The slope of Yb doped
BaSiO; is a little higher than Er-doped BaSiO; maybe due
to the large energy of electrons. The thermal to electrical
conductivity ratio is specified by the Wiedemann-Fraz law,
which is expressed as LT =«x/c [53]. The law states that the
ratio of thermal conductivity (k) to electrical conductivity
('c") is proportional to the temperature, denoted by "T'. This
ratio, often represented as 'L', corresponds to the Lorenz
number. The smaller the ratio values, the better the results
of thermoelectric materials. As a result, the /o ratio for our
investigated materials is on the order of 107>, which shows
that they could be used in thermoelectric applications.
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3.5.3 Electrical Conductivity:

Electrical conductivity tensor is evaluated using the formula
[21, 23]:

of (T, €,
o) = o / %(e)[%]de

where a/f, Q, u and f;, stand for the tensor subscripts,
the volume of the unit cell, the Fermi level of charge carrier
and the Fermi distribution function. This relationship, as
explored in 'First-Principles Investigation on Thermoelectric
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Table4 The Room Temperature Thermoelectric Coefficients of
Er’* and Yb** Doped BaSiO; Over Fermi Level

Seebeck Thermal Con-  Electrical
Coefficient ductivity (W/ Conductivity
(V/K) mK) (Qm)™!
Er’* doped 07x1075  3x10" 45%10"
BaSiO,
Yb** doped -05%x107  35x10" 7%10"
BaSiO,

Properties of VSb, Material,’ provides insight into the ther-
moelectric behavior of the investigated materials using semi
classical Boltzmann theory [21].

The electrical conductivity of semiconductors offers
information regarding the conduction of carriers. The charge
carriers (electrons and holes) acquire energy from the exter-
nal applied temperature and travel to the conduction band
as the Fermi level is inside the bandgap. A temperature rise,
gives energy to carriers, allowing them to migrate into the
conduction band and conduct electricity. For p-type and
n-type materials, charge carriers are holes and electrons,
respectively.

For Er-doped BaSiO;, conductivity starts at O K hav-
ing a value of 4 x 10"°(©@ m)~! and reaches a maximum
value of 10 x 10"°(Q m)~! at 75 K. After that, conductiv-
ity gradually decreases by increasing temperature and
reaches its minimum value of 4.3 x 10"(Q m)™" at 750 K.
For Yb doped BaSiO;, conductivity starts at 0 K having a
value of 8.5 x 10'°(Q m)™! and reaches a maximum value
0f 9.7 x 10"°(Q m)~" at 75 K, as temperature increases, its
value slightly decreases up to 300 K, then remains almost
constant and reaches 7.5 x 10'°(Q m)_1 at 750 K.

The conductivity curve for Er-doped BaSiO; declines
as the temperature rise, which shows that it is extrinsic.
Another explanation for this behavior is that the decrease
in temperature is caused by the electron—hole interaction of
donor impurities. At room temperature 293 K, the electri-
cal conductivity for Er-doped BaSiOj is 4.5 x 10'°(Q m)™!
and 7 x 10"(Q m)~" for Yb doped BaSiO;. The room tem-
perature thermoelectric coefficients of Er** and Yb** doped
BaSiOj; over Fermi level are shown in Table 4.

This study introduces several novel insights into the opto-
electronic and thermoelectric properties of BaSiOj; crystals
doped with Er** and Yb**, crucial for renewable energy
applications. Notably, the incorporation of Er** and Yb?*
into BaSiO; leads to a significant alteration in the electronic
band structure, reducing the energy band gap to optimize the
material for enhanced solar energy absorption. This research
uniquely demonstrates how the specific doping concentra-
tions of Er’* and Yb?* expand the material's absorption into
the near-infrared spectrum, which is vital for improving the
efficiency of solar cells. Additionally, the study reveals that
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these dopants significantly enhance the thermoelectric prop-
erties, including an increased power factor, which is pivotal
for the development of high-performance thermoelectric
generators. These findings not only contribute to a deeper
understanding of the material's physics but also open up new
possibilities for the application of BaSiO; in optoelectronics
and energy conversion technologies, marking a considerable
advancement over existing solutions.

The enhancements observed in the optoelectronic and
thermoelectric properties of BaSiO; crystals due to Er**
and Yb** doping are consistent with findings from Chen
et al. [2], who noted improved performance in thermoelec-
tric materials through rare-earth doping but did not explore
these specific dopants' impacts in BaSiOs. Furthermore, our
results extend the work of Wang et al. [12], who reported
enhanced luminescence in Er-doped BaSiOs; we addition-
ally quantify how Yb>* extends the material's absorption
into the near-infrared spectrum, an aspect not covered in
their study. Notably, our findings challenge the conclusions
drawn by Katoch and Sharma [9], who suggested limited
enhancements in optical absorption beyond the visible spec-
trum for similar materials. By providing empirical evidence
of significant absorption in the near-infrared, our research
suggests a broader applicability of BaSiOs in photovoltaic
devices than previously documented.

4 Conclusions:

In this study, the optoelectronic and thermoelectric prop-
erties of BaSiO; crystals doped with Er’* and Yb3 + were
investigated using Wien2k software and GGA + U method.
The results showd that the introduction of dopants signifi-
cantly influenced the electronic band structure, density of
states, optical properties, and thermoelectric properties of
BaSiO;. Bandgap value measured with GGA + U for Er-
doped BaSiO;is 2.9 eV, and for Yb doped BaSiO5is 3.9 eV.
BaSiO; Doped with Er is a semiconductor with a direct
bandgap while Yb doped BaSiO; shows metallic nature.
The Er** dopant increased the absorption and decreased
the optical bandgap, while the Yb®>* dopant enhanced the
absorption in the near-infrared region. The absorption of
Er-doped BaSiO; begins above 4 eV energy, which shows
that this doped material may absorb more energy than Yb
doped BaSiO;. Because the largest absorption occurs in the
ultraviolet area for both doped materials, could be used as
possible materials for optoelectronic devices that work in
the UV range. We found that electromagnetic waves do not
propagate from these doped materials at energies above
11.5 eV based on the real component of the dielectric func-
tion. Both dopants improved the thermoelectric properties
of BaSiO;, with the power factor increasing significantly.
This investigation successfully established how doping

BaSiO; with Er’* and Yb" transforms its physical proper-
ties to better suit energy conversion applications. We have
achieved a crucial understanding of how these dopants
decrease the bandgap, thereby significantly enhancing the
material's absorption spectrum and thermoelectric proper-
ties. More importantly, the research confirmed that these
modifications lead to more efficient energy absorption and
conversion capabilities, showcasing the potential of Er** and
Yb** doped BaSiOs in the development of high-performance
solar cells and thermoelectric devices. This work marks a
substantial step forward in optimizing BaSiOs for renewable
energy technologies, setting a foundation for future innova-
tions in this area. These findings suggest that BaSiO; doped
with Er** and Yb3* has great potential for use in energy
renewable devices applications, such as solar cells and ther-
moelectric generators.
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