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Abstract: Perovskites are currently becoming common in the field of optoelectronics, owing to their
promising properties such as electrical, optical, thermoelectric, and electronic. Although mechanical
and thermal properties also play a crucial part in the functioning of the optoelectronic devices, they
have scarcely been explored. The present work performed an ab initio study of the mechanical and
thermal properties of the cubic EuAlO3 and GdAlO; perovskites for the first time using density
functional theory. Quantum Espresso and Themo_pw codes were utilized by employing the generalized
gradient approximation. Although the results showed that both materials have good mechanical and
thermal properties that are ideal for the above-mentioned applications, EuAlO; possessed better
structural and thermal stability, bulk modulus, Poisson ratio, thermal expansion coefficient, and
thermal stress; while GAAlO; possessed better Young’s modulus and shear modulus. Moreover, the
mechanical properties of the two materials turned out to be much better than those of the common
materials for optoelectronic applications, while their thermal properties were comparable to that of
sapphire glass. Since this study was computational, an experimental verification of the computed
properties of the two materials needs to be carried out before they can be commercialized.

Keywords: perovskite materials; temperature-dependent elastic constants; thermal expansion
coefficients of EuAlO3 and GdAlOj3; thermal stress of EuAlO3 and GdAlOs; ductility of EuAlO3 and
GdAIlOs; materials for optoelectronic applications

1. Introduction

Perovskites are a class of materials with a particular crystal structure, with the chemi-
cal formula ABXj (here, “X” stands for an anion, and “A” and “B” for cations); and have an
overall structure composed of a cubic arrangement of anions, in which the cations occupy
particular lattice points [1]. The properties of perovskite materials and their prospective ap-
plications in several industries, including solar cells, are wide ranging and have generated a
lot of interest. Their electrical, electronic, optical, and magnetic properties all work together
to enable photovoltaic applications, which have shown great promise due to their high
efficiency, low manufacturing costs, and potential for flexible and lightweight devices [2,3].

Perovskite-based light emitting diodes (LEDs) are attractive possibilities for next—
generation lighting systems due to their high sensitivity to environmental changes, high
efficiency, and color purity. They can be used in sensors that identify gases, liquids, and
other compounds because of their properties, in addition to being useful in chemical re-
actions that produce fuels or other important molecules (as a number of these perovskite
materials have shown catalytic activity) [4]. Current research has focused on materials
that can be used as dielectrics and substrates for high temperature superconducting mi-
crowave devices, of which rare earth aluminate (RAlO3) perovskites (where R stands for
La, Ce, Pr, Nd, Pm, Sm, Eu, and Gd) are widely employed in the epitaxy of a variety of
materials [5];,with the tolerance factor linked to crystal symmetry playing a crucial role in
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imparting a material’s dielectric properties [6]. XAlO3 (Sm, Gd, and Eu) has been shown
to exhibit a perovskite structure in the orthorhombic phase, as well as the rhombohedral
phase [7], where its dielectric properties are studied by various groups too. The lanthanides
are also used in applications such as solid oxide fuel cells, active and passive laser media [8],
and scintillators [9].

Previous studies on EuAlO3; have shown that it is a wide-bandgap insulator (band gap
of 4-5 eV) under standard conditions. Its electrical resistivity is high, which makes it a good
dielectric material. Moreover, it exhibits notable dielectric permittivity, often influenced
by temperature and applied frequency, in addition to exhibiting ionic conductivity due
to oxygen vacancies, especially when doped with aliovalent cations. The luminescence
due to Eu®* ions make EuAlO; a candidate for optoelectronic applications [10,11]. Studies
have shown that GdAIQO; is also a wide-bandgap insulator (band gap of 2.9-5 eV). Its high
electrical resistivity makes it suitable for dielectric and insulating applications [12].

A recent study explored the cubic phase of XAlO; (X = Sm, Eu, and Gd) materials
in terms of their electrical, optical, and thermoelectric behavior via spin polarization
for potential utilization in opto/energy applications [7], and reported that the materials
exhibit interesting properties for the aforementioned applications. However, although their
electrical and optoelectronic properties (providing useful information for solar cells) have
been explored using various methods, their mechanical/thermal properties, which are
also crucial in order to fully describe their performance in optoelectronic devices such as
dye-sensitized solar cells, are yet to be comprehensively studied. While the heat capacity
of EuAlO3 and their mechanical properties have been explored [13,14], their thermal
properties have not been investigated. For the first time, this work reports a detailed study
of mechanical and thermodynamic properties of EuAIO3 and GdAlOj3 perovskites. The
study aimed to compare the mechanical and thermal properties of the two materials in
order to describe their choice for developing optoelectronic devices.

2. Materials and Methods

The crystallographic information files used for the calculations of EuAlOz and GdAlO3
were obtained from materials project website [15,16]. The unit cells were cubic, with space
group Fm3m, and lattice constants of a = 3.768A and a = 3.735A for EuAlO3; and GdAIO;,
respectively. Figure 1 shows the 3D structures of the two cells. The optimization of the
kinetic energy cut—off (ecut) was done by varying it from 20 to 90 Ry in steps of 10 Ry, while
the optimization of the k—points was done by varying it from222t0999in stepsof 11 1.
Furthermore, the optimization of the lattice parameters and the lattice points on the cells
were done by performing variable cell relaxation, by setting the optimized ecut at 50 Ry (the
point at which the curve of total energy against ecut flattened), the optimized charge density
at 400 Ry, and the optimized k-points at 5 5 5 (the point at which the curve of total energy
against k-point flattened). Although setting higher values of the ecut and k-points would
have improved the accuracy of the results, higher values are computationally expensive
(which is one of the limitations of density functional theory (DFT) that was employed in
this study). Moreover, at the above settings, the total energy difference was 4.2 x 1074 Ry
and 3.1 x 10~* Ry respectively for ecut and k-points. Optimization of the lattice points was
done using the Broyden-Fletcher—Goldfarb—Shanno algorithm. Ultrasoft pseudopotentials
by Perdew—Burke-Ernzerhof were utilized within the generalized gradient approximation,
which was chosen over the local density approximation, which highly underestimate
the lattice parameters and overestimate the mechanical properties. We made use of the
Quantum Espresso package [17].
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(b)

Figure 1. The 3D structures of (a) EuAlO3 and (b) GdAlOs.

In order to test the structural stabilities of the two materials, their formation energies
were calculated according to the relation [18]:

HMOs = E(XAIO3) — Ax — Aal — 3o, 1)

with X = EuorGd, and Ax, As1, 3Ao are the total energies of the individual atoms. The
mechanical properties calculation was performed by following the work from a previous
study [19] using small strains within +0.005, so as to remain within the linear regime of the
crystals, both at the ground state and as functions of temperature. The thermal properties
calculation was made possible thanks to the Thermo_pw code [20]. For the calculations, the
temperature range (233-358 K) was selected in line with the operational ranges for various
optoelectronic devices such as photodetectors, semiconductor LEDs, and laser diodes. The
phonon threshold was fixed at 1 x 107!2, while nq;, ng,, and nq, were fixed at 5 (the same
value as for the k—point mesh).

3. Results and Discussion
3.1. Structural Properties

Structural properties have a significant impact on how materials behave, function, perform,
and how they are processed in a variety of settings. Thus, in order to advance technology,
innovation, and scientific knowledge across a wide range of sectors, it is imperative to compre-
hend and manage the structures of materials [21]. Figure 2 shows the total energy against the
normalized unit cell volumes for both materials. The lattice parameters shown in Table 1 were
obtained from the lowest points of Figure 2.
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Figure 2. Total energy per atom against unit cell volumes for both EuAlO3; and GdAlOs;.
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It is evident that both materials contracted after optimization, since the lattice pa-
rameters shown in Table 1 are slightly lower than the reference values [15,16]. However,
they are very close to those of some previously determined values, both experimentally
and computationally, which shows the reliability of the results obtained in this study. The
structural stabilities of the two perovskites were determined by calculating their forma-
tion energies, which are also presented in Table 1. The negative values of the formation
energies show that both materials are structurally stable. However, GAAlOs is slightly
more structurally stable than EuAlO3, as it has a lower formation energy. This is in line
with their total energies, as depicted in Figure 2. Structural stability is critical for the
performance, efficiency, and longevity of materials used in optoelectronic devices. Any
notable alteration or deterioration in the material’s structure can have an immediate ef-
fect on the functionality of these devices, because they depend on specific electrical and
optical properties. Thus, GAAIOj is better than EuAlO; in this regard. Materials having
particular band gaps, carrier mobilities, and optical absorption/emission properties are
essential for optoelectronic devices like LEDs and photodetectors; and are guaranteed to
hold true always, and in a variety of operating environments, including those involving
temperature and mechanical stress, thanks to their structural stability. Furthermore, a
variety of temperatures are frequently used by optoelectronic devices, occasionally rising
as a result of electrical currents or external environmental factors. Thus, structural stability
guarantees that at higher temperatures, these materials will retain their chemical makeup
and crystalline structure [22]. Thus, in terms of structural stabilities, GAAlOj is superior to
EuAlO3.

Table 1. The calculated structural properties of the two materials (EuAlO3 and GdAlO3) at the ground
state.

Parameter a(A) p (kg/m3) H;¢ (eV/atom)
3.728 (3.69-3.72 [23]) B
EuAlO; 572 24) 7273 (7010 [25]) 3.779
GdAIO; 3.719 (3.71 [26,27]) 7492 —3.782 (—3.18 [26])

The mechanical stability, temperature control, performance, and manufacturability of
devices such as LEDs, lasers, and photodetectors are all impacted by a material’s density,
which is a significant factor that determines its suitability for optoelectronic applications.
The practical applications of optoelectronic materials can be impacted by their density in a
number of ways; in that for those devices that need to be portable, flexible, or integrated
into lightweight systems, low—density materials are beneficial. High—density materials
frequently exhibit superior thermal conductivity, which is necessary for effective heat
dissipation in high-power devices like high-power transistors, laser diodes, and LEDs.
With a density of 4.0 g/cm3, sapphire—a common substrate for LEDs and laser diodes—
contributes to its mechanical strength and longevity. With a density of 6.15 g/cm?, gallium
nitride (a material that is also frequently used in high-power LEDs and lasers) offers good
mechanical and thermal stability [28]. Therefore, the optoelectronic industry may find both
the two materials investigated in this study valuable.

3.2. Mechanical Properties

Although optical and electronic performance are the main criteria used to evaluate optoelec-
tronic devices, their mechanical properties are equally crucial to their dependability, flexibility,
durability, and manufacturing feasibility. Mechanical properties are highly relevant for materials
used in optoelectronic devices. While these devices are primarily evaluated based on their
optical and electronic performance, their mechanical properties play a significant role in their
durability, flexibility, manufacturability, and reliability. Figure 3 shows four elastic constants,
which are all observed to decrease with an increase in temperature. This is a general trend
that is observed in most materials, and is attributed to the thermal expansion effects, as well
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as changes in the atomic or molecular structure. However, the decrease in elastic constants
with an increase in temperature indicates reduced mechanical stability of both materials at
higher temperatures. This may result in increased susceptibility to deformation, yielding,
or failure under applied stress.
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Figure 3. Elastic constants of EuAlO3 and GdAlOj; as functions of temperature.

The mechanical stability of materials also plays a critical role in both the fabrication
and performance of optoelectronic device in that materials with poor mechanical stability
may develop cracks, voids, or delamination under residual or thermal stresses. Moreover,
it leads to uneven film thickness, affecting the mechanical properties. In miniaturized and
flexible optoelectronic devices such as wearable sensors or flexible displays, mechanical
stability is even more critical. Materials must thus withstand bending, stretching, and
compression without losing functionality.

Mechanical stresses can impact the electrical performance of optoelectronic devices by
altering their electronic properties or inducing microstructural defects. A decrease in elastic
constants with temperature may affect the material’s ability to maintain proper contact
between layers or interfaces within the device, leading to increased series resistance, or
reduced charge carrier mobility. The computed mechanical properties of both materials
(Table 2) show a very good agreement with those found in the literature, which confirms
the reliability of the results. Although DFT has a number of limitations, most of them, such
as band gap underestimation and inadequate description of magnetic systems, were not
investigated in this study. Moreover, the calculations were performed in a range of temper-
atures, which limits the inaccuracies that may arise from the ground-state calculations. A
closer look at the percentage change in the elastic constants of the two materials (Table 2)
reveals that EuAlO; suffers more change in the elastic constants. Thus, GAAlO; turns out to
outperform EuAlOs in this regard, although with a very narrow margin. This is crucial for
optoelectronic devices such as lasers, photodetectors, and modulators, where mechanical
strain can lead to changes in the refractive index and birefringence of the material. A
smaller change in elastic constants thus ensures that these optical properties remain stable
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under mechanical stress or external influences. Moreover, devices such as LEDs and laser
diodes rely on precise control of electronic and optical properties and therefore, stability in
elastic constants minimizes strain-induced distortions, ensuring consistent performance,
such as emission wavelength and efficiency [29].

Table 2. The computed room temperature properties of EuAIO3 and GdAlO;3. p is the Poisson ratio,
while ¢ is the thermal stress. a is in A, B, G, E, and ¢ are in GPa, while v isin K1

Material. B G E M v (x107°) o

Max 202.63 135.68 332.77 0.2263 8.4987  —0.01715

Min 201.82 135.29 331.74 0.2260 65856  —0.01334

EuAlO; % change 0.4013 0.2883 0.3105 0.1327 29.050  28.561
202.22 135.48 332.25 0.2262

Room 19734[14]  131.90[14]  323.60[14] 0226[14] /041~ —001607

Max 200.01 136.30 333.21 0.2223 67719  —0.0135

Min 199.30 136.00 332.40 0.2220 47180  —0.00944

GdAIO; % change 0.3562 0.2206 0.2437 0.1351 43532 43.008
199.66 136.15 332.81 0.2222

Room 209.87[23]  143.93[23]  351.45[23] 0.30 [23] 6.1015 —0.01218

For materials used in optoelectronic applications, a larger bulk modulus is important
because it indicates the material’s resistance to compression, which has a direct impact on
the mechanical resilience, longevity, and performance of the device in a number of ways. A
material’s bulk modulus, which expresses how incompressible it is under uniform pressure,
is a vital indicator of its structural integrity and performance stability under environmental
and operational loads. Moreover, many optoelectronic devices, particularly high-power
LEDs and laser diodes, generate heat during operation. A material with a higher bulk
modulus is therefore typically more resistant to thermal-induced deformation, which can
help in maintaining the structural integrity of the device at high operating temperatures.
Most of the materials that have been investigated for optoelectronic application, including
SnSe and SnS, show very low values of the bulk modulus of 60 GPa and below. Thus,
although EuAlOs3, which has a slightly higher bulk modulus (Figure 3 and Table 2) is
better than GdAlOj3, both are far much better than most of the materials that have been
investigated for the optoelectronic application [30].

In the optoelectronic field, a higher shear modulus is significant because it directly
influences the mechanical robustness, stability, and durability of the materials, which
are critical for the long-term performance and reliability of devices like LEDs, lasers,
and photodetectors. For instance, materials in LEDs may experience shear stress during
bending, thermal expansion, or when mounted in mechanically stressful environments.
A high shear modulus reduces the risk of warping, cracking, or layer separation [30].
Figure 3 and Table 2 show that the bulk modulus of GdAIO;s is slightly higher than that
of EuAlOj3, which indicates that it is better than EuAlOj in this regard, although both
materials possess relatively high values of the shear modulus, which is good for several
optoelectronic application, including high-power LEDs, microelectromechanical systems,
and laser dioses.

For a number of reasons, a larger Young’s modulus is important for optoelectronic
applications as it represents a material’s resistance to deformation under applied stress.
This is especially the case in relation to the mechanical performance, stability, and depend-
ability of materials used in devices like LEDs, lasers, and photodetectors. Resistance to
deformation under applied stress is vital for preserving the devices’ structural integrity,
particularly in high-stress settings when failures may be avoided only by mechanical
stability. Furthermore, materials with a large Young’s modulus are resistant to deformation
from external mechanical forces. This resistance is essential for avoiding delamination or
microcracks, which might impair the devices’ lifetime and functionality [31].
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Both materials have significantly larger Young’s moduli than the majority of materials
that have been studied for application in the optoelectronic sector, such as GaS, GaSe,
GaTe, SrpLaNbOg, and SrpLuNbOg, according to the calculated Young’s moduli shown
in Figure 3 and Table 2 [31,32]. Nonetheless, it was found that the Young’s modulus
of GdAIO; was somewhat greater, indicating that these materials are suitable for the
manufacture of photonic integrated circuits, thin—film transistors, and high-power LEDs.
In comparison to its axial deformation, a material with a higher Poisson ratio shows more
lateral expansion or contraction. A greater Poisson ratio in optoelectronic applications can
enhance the coupling between mechanical and optical responses, which is essential for
improving the performance and sensitivity of devices that depend on both optical signals
and mechanical deformation, such as optomechanical sensors and microelectromechanical
systems. Furthermore, dimensional stability under mechanical and thermal stresses can
be preserved with a larger Poisson ratio, avoiding problems that might impair device
performance, such as layer separation [33]. Thin—film transistors and organic light-emitting
diodes are two examples of optoelectronic devices that benefit from this. EuAlO3 has a
greater Poisson ratio than GdAlQO;3, so it is superior.

Ductility is critical during the fabrication of optoelectronic devices, especially for
processes that involve thin films, wires, or flexible substrates. Highly ductile materials can
be drawn into thin wires or formed into thin films without cracking, which is essential for
applications such as interconnects and flexible electronics, where ductile metals like gold
and copper are often used for electrical connections in optoelectronic devices because they
can be drawn into fine wires or contacts without breaking. Moreover, ductile materials can
absorb thermal stresses that arise due to differences in the thermal expansion of different
layers or materials in an optoelectronic device. Under heating or cooling, ductile materials
can deform slightly, relieving stress and preventing cracking or delamination in rigid or
brittle layers. The two materials are not good for the mentioned applications, as they are
brittle. Brittle materials have Poisson ratios of less than 0.27, while ductile materials have
values of above 0.27 [34,35].

3.3. Thermal Properties

One of the crucial factors affecting the performance and design of materials used in
optoelectronic applications is the thermal expansion coefficient (CTE), which gauges how
much a substance expands or contracts in response to temperature variations. Figure 4
shows the change in the CTE of both materials with temperature. Optoelectronic devices
often rely on precise alignment of components such as lenses, waveguides, and mirrors.
Changes in temperature can lead to thermal expansion or contraction, which in turn, can
misalign these critical components. A mismatch in CTE between different materials can also
cause the misalignment to worsen, which affects light transmission efficiency, wavelength
shift, signal integrity in optical fibers, and even the refractive index variations. Thus, for
applications requiring high precision, such as photonic integrated circuits or laser systems,
materials with compatible CTEs are essential in order to maintain alignment and optical
performance. A number of the optoelectronic devices are fabricated on sapphire glass,
which has a CTE of 5.312-9.317 x 10~° K~! [36]. These values are quite within the range
of the computed values in this study (Table 2). Both materials are therefore ideal for
manufacture of LEDs, laser diodes, and high electron-mobility transistors. However, as
these devices require thermally stable substrates, EuAIO; proves to be a better alternative
compared to GAAIO;3, because it suffers less change in the CTE (Table 2).
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Figure 4. Thermal expansion coefficients of EuAlO3; and GdAlOj as a function of temperature.

The thermal stability of materials is critical in the fabrication and performance of
optoelectronic devices because these devices often operate in environments with varying
temperatures and undergo thermal processes during manufacturing. Many fabrication tech-
niques, such as epitaxial growth, annealing, and sintering require materials to withstand
high temperatures without degrading or undergoing undesirable changes. As such, mate-
rials with poor thermal stability may break down or lose essential properties. Moreover,
thermal instability can cause the diffusion of atoms across material interfaces, leading to
interfacial defects such as degraded layer quality in heterostructures and altered electronic
and optical properties [37].

Thermal stress is the mechanical stress or strain that occurs in a material due to
changes in temperature. Figure 5 depicts a decrease in thermal stress for both materials as
temperature increases. This is significant, since it indicates improved material performance,
structural integrity, manufacturing efficiency, and long-term reliability across a wide range
of applications. Thermal stress arises when materials with different CTEs expand or
contract at different rates under temperature changes. This can lead to stress at interfaces
between different materials, such as between a semiconductor and its substrate, or between
various encapsulating materials. A decrease in thermal stress with increasing temperature
means that the material is less likely to experience fracture, delamination, or cracking
as it heats up, which is critical in devices operating at elevated temperatures, such as
high-power LEDs or laser diodes [38].

A lower thermal stress, as exhibited by GdAIO3 (Figure 5 and Table 2), is generally
better for optoelectronic devices, as it directly enhances their performance, reliability, and
longevity. Moreover, a lower thermal stress means there is less risk of mechanical failures
like cracking, delamination, or fracturing at the material interfaces, which could otherwise
cause device failure or degradation. Since a smaller change in the thermal stress with
temperature is ideal for the optoelectronic device applications, it implies that EuAlO; is less
likely to experience cracking, warping, or delamination. This enhances the reliability of the
optoelectronic devices made from EuAlOj3, and ensuring consistent performance over time
compared to those made from GdAlO3;. Moreover, optoelectronic devices manufactured
using GdAIO; with a lower thermal stress can maintain their structural integrity and
electrical performance over a longer period, thus extending their lifespan and maximizing
their return on investment. However, there is no record about thermal stress of the two
materials in the literature, so the data obtained here can be used for future reference [38,39].
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Figure 5. Thermal stress of EuAlO; and GdAIOs as a function of temperature.

4. Conclusions

The study successfully compared the thermal properties of EuAlO3 and GdAIOs.
The results showed that both materials are structurally stable, although GdAlO; is more
structurally stable compared to EuAlQO;3, since it has a lower value of the formation energy.
This is good for LEDs and photodetectors. The values of the lattice parameters and densities
are consistent with those from previous studies. Both materials proved to be heavy, which is
good for most optoelectronic applications. The elastic constants of both materials reduced
with increase in temperature, implying reduced thermal stability. However, GdAIO;
suffered a smaller change in the elastic constants with temperature. While GdAlO3 recorded
higher values of the shear and Young’s moduli, EuAlOj3 recorded higher bulk modulus
and the Poisson ratio. The lower values of the Poisson ratio showed that both materials
are brittle. The thermal expansion coefficients of both materials increased with increase
in temperature, and could be attributed to increase in the kinetic energies of the particles
within the materials as they gain heat. EuAlO; had a higher value of the volume expansion
coefficient, which is close to that of sapphire glass that is commonly used as a substrate in
most optoelectronic devices. It also turned out to be more thermally stable than GdAIlOs3,
implying that it can withstand temperature fluctuations without serious degradation better
than GdAIlOj;. The calculated thermal stress of both materials decreased with increase in
temperature (which is good for improved performance and structural integrity). EuAlO3
was found to be better at this, as it had a lower thermal stress. Moreover, EuAIO3; was found
to suffer much less thermal stress compared to GdAlO3. Although the computed thermal
properties of EuAlO3; and GdAIOj; obtained in this study are promising for application
in the optoelectronic devices, an experimental verification of the computed mechanical
and thermal properties needs to be done. Moreover, the study did not explore the thermal
conductivities of the materials, an area that can also be explored.
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