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ABSTRACT

Perovskite and two-dimensional materials have emerged as a revolutionary class of material in
optoelectronics, characterized by their remarkable light-harvesting capacity, tuneable bandgap,
and high charge-carrier mobility. These materials are extensively utilized in the fabrication of
solar cells, due to high power conversion efficiencies with cost effective and scalable
fabrication. Their utilization in photovoltaics and optoelectronic circuits make them a potential
candidate for next-generation electronic and photonic applications. The present work
researches into modulating the structural, electronic, and optical properties of perovskites
(LiNbOs, SrTiOs) and two-dimensional materials (SnS, SnSe, ZnS, ZnSe) for optoelectronic
applications. This research focuses on three key techniques: doping, strain, and layering for
bandgap modulation of the materials and subsequently improving the visible region absorption.
The aim is to improve the optical properties by employing techniques doping, strain, and
layering and making them suitable for advanced optoelectronic, photovoltaic, and solar

applications.

This work investigates the electronic and optical properties of the oxide perovskites SrTiOs and
LiNbOs under the influence of doping and strain by utilizing density functional theory (DFT).
The pristine LiNbO:s is a wide bandgap material with bandgap value of 3.56 eV, having optical
absorption primarily in the UV region of optical spectrum. The hexagonal unit cell of pristine
LiNbO:s is doped with various metal dopants. Due to the metal doping, the bandgap of LiNbOs
is reduced in comparison to the pristine cell. Specifically, the doping of plasmonic metal
dopants such as gold, silver, aluminum, and copper leads to a significant reduction in the
bandgap. The decrease in the bandgap is highest for silver-doped and gold-doped LiNbOs with
values 2.38 eV and 2.45 eV, respectively. This shift extends optical absorption into the visible
spectrum, making it more suitable for optoelectronic applications. Additionally, to investigate
the impact of doping on the optical properties, the refractive index and dielectric constant are
also calculated for pristine and doped structures. The dielectric constant and refractive index
increase upon doping, with silver-doped LiNbOs exhibiting the highest enhancement. These
findings indicate that metal-doped LiNbOs can be a promising material for applications in

photovoltaics, photonic, and optoelectronics.

Likewise, pristine SrTiOs, characterized by a wide bandgap of 3.20 eV, predominantly absorbs
ultraviolet (UV) light within the 300400 nm range, which limits its applicability in visible-
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light-driven technologies such as photovoltaics and photocatalysis. To overcome this
limitation, metal doping with plasmonic metal dopants such as Ag, Al, Au, and Cu has been
employed to modify the bandgap and optical properties of SrTiOs. Among these dopants, Cu
has been found the most effective dopant in reducing the bandgap, lowering it to 2.0 eV, thereby
extending its optical absorption into the visible spectrum (380-800 nm). Additionally, Au and
Ag doping enhance visible-light absorption through surface plasmon resonance effects,
improving the efficiency of light energy conversion into electronic transitions. These doping-
induced modifications noticeably improve the optoelectronic performance of SrTiOs, making
it a highly promising candidate for applications in photocatalysis, solar cells, and other energy-

harvesting technologies.

Further, Strain engineering plays a crucial role in modifying the electronic and optical
properties of oxide perovskite like SrTiOs and LiNbOs, enabling their application in
optoelectronics and photovoltaics. The application of biaxial tensile and compressive strains
on pristine SrTiOs significantly enhances its optical absorption by shifting the absorption
spectrum into the visible range. Under 20% compressive strain, SrTiOs exhibited absorption
peaks in the visible spectrum (380-800 nm), with a significant redshift and increased
absorption intensity. Similarly, pristine LiNbOs, with an intrinsic bandgap of 3.56 eV and UV-
only absorption, showed remarkable improvements under strain. Application of 20% tensile
strain shift its absorption into the visible range (400-800 nm), with a peak absorption
coefficient of ~500 k at 600 nm. These structural modifications also resulted in enhancement
in dielectric constants and refractive indices, improving light propagation and optical
performance. Comparatively, unstrained SrTiOs and LiNbOs exhibited negligible absorption in
the visible spectrum, underscoring the transformative impact of strain on their optical
properties. These enhancements demonstrate that strain engineering not only narrows the
bandgap but also expands the utility of these materials to better utilize solar energy, paving the

way for advanced applications in energy and photonics.

Furthermore, the coexistence of strain and doping demonstrated an even greater effect on the
optical performance of these materials. In SrTiOs, doping with metals such as copper (Cu),
silver (Ag), aluminum (Al), and gold (Au) introduced impurity bands that significantly reduced
the bandgap. For instance, Cu-doped SrTiOs under 20% compressive strain exhibited
absorption peaks throughout the visible spectrum, with an absorption coefficient of ~650 k.

Similarly, for LiNbOs, metal doping combined with strain yielded extraordinary improvements.
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Au-doped LiNbOs, with an initial bandgap of 1.36 eV (near the Shockley-Queisser limit),
exhibited a further redshift when subjected to 20% tensile strain, enhancing visible light
absorption to ~550 k. Ag-doped LiNbOs under 20% compressive strain also showed peak
absorption values of ~650 k in the visible range, demonstrating comparable optical
performance to Cu-doped structures. Additionally, Cu-doped LiNbOs, under both compressive
and tensile strains, exhibited a peak absorption intensity of ~500 k, making it another strong
candidate for optoelectronic applications. These enhancements, attributed to the synergistic
effects of strain and doping, position SrTiOs and LiNbOs as leading materials for photovoltaic

and optoelectronic technologies.

Additionally, the two-dimensional materials, pristine monolayers of SnS, SnSe, ZnS, and ZnSe
exhibit bandgaps of 1.70 eV, 1.46 eV, 2.35 eV, and 1.46 eV, respectively. The SnS and SnSe,
with their relatively low bandgaps, absorb photons in the 350-600 nm range (part of the visible
spectrum), while ZnS and ZnSe, with their wide bandgaps, absorb primarily in the UV range
(100-300 nm) with zero visible-light absorption. The application of strain modifies their
bandgaps and optical properties, enabling significant redshifts in absorption. The tensile strain
of 10% reduces the bandgap of ZnSe from 1.46 eV to 0.58 eV, shifting absorption entirely into
the visible region (400700 nm). Similarly, ZnS exhibits a bandgap reduction from 2.35 eV to
1.35 eV under 10% tensile strain, with absorption extending into the visible spectrum. Strain
also improves optical parameters such as the refractive index and dielectric constant, enabling
efficient photon interaction and energy absorption in the visible range. These results highlight

strain engineering as a versatile tool for tailoring the optoelectronic properties of 2D materials.

In this work, the formation of van der Waals heterostructures, such as SnS/SnSe, SnS/ZnS, and
SnS/ZnSe, provides an additional strategy for optimizing optical absorption. For instance,
combining SnS (bandgap: 1.70 eV) with SnSe (bandgap: 1.46 eV) results in a heterostructure
with a reduced bandgap of 1.04 eV, shifting absorption peaks into the visible region. Similarly,
SnS/ZnS and SnS/ZnSe heterostructures exhibit bandgaps of 0.6 eV and 0.9 eV, respectively,
enabling complete absorption within the visible spectrum (350-650 nm). The heterostructures
also demonstrate enhanced and broad optical absorption compared to individual monolayers,
owing to synergistic effects from combining the properties of the constituent layers. The peaks
of energy-dependent absorption coefficients for heterostructures are concentrated in the 1.0—

4.0 eV range, indicating superior absorption performance in the visible region. Furthermore,
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these heterostructures exhibit improvements in refractive index and dielectric constant,

essential for optoelectronic device performance.

In summary, this research work demonstrates the transformative potential of metal doping,
strain engineering, and heterostructure formation in tailoring the electronic and optical
properties of perovskites and 2D materials. The oxide perovskite is doped with the metal
dopants and further strain is applied to tune the optical properties for optoelectronic
applications. In monolayers of 2D materials the layering and strain is utilized to modulate the
electronic and optical properties. The reduction in bandgap and redshifts in optical absorption
induced by these modifications enable efficient visible-light absorption and energy conversion,
making these materials suitable for advanced applications in photovoltaics, photodetectors, and
optoelectronic devices. These findings pave the way for next-generation materials with

precisely tuned properties to meet diverse technological needs.
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CHAPTER -1
INTRODUCTION

Nanotechnology is a multidisciplinary field that entails the augmentation of the physical
properties of materials at atomic and molecular scales, generally within the nanoscale range of
1-100 nanometers. It can facilitate the synthesis of novel materials with superior attributes,
including increased strength, conductivity, and reactivity. Nanotechnology has vast
applications in medicine, electronics, energy, environmental science, and optoelectronics. The
perovskites have emerged as a pivotal material among the nanomaterials due to their
remarkable optoelectronic characteristics. In the fields of energy conversion, flexible
electronics, and environmental protection, perovskite nanoparticles have changed the way solar
cells, LEDs, and sensors work by making them more efficient and cost-effective. This chapter
highlights a comprehensive introduction of the nanomaterials, specifically perovskites,
followed by the explanation of various properties of perovskites. Subsequently, the chapter
delves into the methods used to tune the properties of perovskites for use in optoelectronic

applications.

The chapter presented here is divided into eight sections. The first section provides an overview
of the perovskites. Second section elaborates on the electronic and optical properties of
perovskites and explains their role in optoelectronic applications. The application of density
functional theory (DFT) in material chareterization is presented in third section. Fourth section
discusses various techniques utilized for tuning the properties of perovskites for optoelectronic
and photovoltaic applications. Subsequently, fifth section includes the problem statement
derived for the research. In the section six, the objectives formulated to solve the identified
technical gap during the research work are illustarated. Seventh section explains the DFT
computations and the methodology used to achieve the formulated research objectives. Finally,

section eight illustrates the structure of the thesis.
1.1 INTRODUCTION

In the modern era, nanomaterials are essential for societal advancement, with historical
civilizations often characterized by their primary materials, such as bronze and iron [1, 2]. To
achieve the technological breakthrough in the field of material science, it is essential to identify

the novel materials for various applications. To foster an electronic revolution, it is critical to
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deeply understand the electronic and optical properties of materials and to identify the materials
with properties desired for various applications [3]. Computational modeling has become an
important tool for studying the impact of changes in material properties over time and for
identifying new novel materials [4, 5, 9]. It lets researchers to complete the complicated
experimental processes that are hard to study using traditional lab methods with limited time
frame. By systematically analyzing a wide range of possible material combinations,
computational methods speed up research timelines, turning what would usually take years of

experimentation into a more efficient and manageable process [6].

(b) ()
Fig. 1.1. Schematic representation of (a) Perovskite Structure, (b) SrTiOs Crystal and (c) LiNbO; Crystal.

In the broad variety of available nanomaterials, perovskite is a distinctive category of mineral
defined by the crystal structure, ABXs. Where "A" and "B" indicate cations of varying sizes
and "X" denotes an anion, commonly oxygen or halogen [11]. The crystal structure of
perovskite is illustrated in Fig. 1.1 (a). Most of the elements of the periodic table can be utilized
at the A or B sites of perovskites, which makes perovskites exceptionally adaptable and opens
up new dimensions for material discovery. Perovskites possess remarkable optoelectronic
characteristics, making them suitable for a variety of applications like solar cells, light-emitting
diodes (LEDs), lasers, and photodetectors [36]. The chemical composition and structural
arrangement of perovskites can tune their band gap, a well-identified attribute, facilitating the
optimization of their optical characteristics for particular applications. The distinctive
characteristics and flexible uses of perovskites make them a critical material for research, with

the capacity to propel advancements in optoelectronics and other fields.

Based on the X anion, perovskite can be classified into two categories, i.e., oxide and halide
perovskite. Oxide perovskites are favored in various applications over halide perovskites due

to their high stability, good thermal and environmental durability, strong chemical bonds, and



remarkable optical properties. Among the variety of available pervoskites, lithium niobate
(LiNDbO:s) is an oxide perovskite material that is known for its unique electro-optic, nonlinear
optical, and ferroelectric properties. These properties make it very useful for many applications
in optics and photonics. The crystalline structure of LiNbOs is depicted in Fig. 1.1 (b). Along
with LiNbOs, the strontium titanate (SrTiOs) is a perovskite oxide that demonstrates good
dielectric, ferroelectric, and optoelectronic properties (Fig. 1.1 (¢)). It is the wide band gap of
these two oxide pervoskites (LiNbOs and SrTiOs), that restricts their absorption to the
ultraviolet (UV) region of the optical spectrum only with almost zero absorption in the visible
region. Despite so many advantageous properties, the limited visible region absorption due to
large bandgap poses challenges for applicability of LiNbOs and SrTiOs in solar and

optoelectrnic applications.

(a) (b) () (d)

Fig. 1.2. Structure of monolayers of (a) SnS, (b) SnSe, (¢) ZnS and (d) ZnSe.

In addition to bulk materials, monolayers of two-dimensional (2D) materials, including
transition metal dichalcogenides (TMDs), graphene, and black phosphorus, play a vital role in
various optoelectronic applications because of their distinctive features [19]. In these
monolayers, the distinguished class of transition metal dichalcogenides, such as MoS. and
WSe:, possess direct band gaps that may be modulated by varying the layer count, making
them suitable for photodetectors, LEDs, and other photonic applications. Furthermore, in the
wide variety of 2D materials, the monolayers of zinc monochalcogenides (ZnS and ZnSe) and
tin monochalcogenides (SnS and SnSe) are attracting the interest of researchers due to their
extraordinary optoelectronic characteristics [20]. The schematic of the monolayer of SnS,

SnSe, ZnS, and ZnSe are shown in Fig. 1.2. The distinctive optical and electronic properties of



these monolayers are essential for the advancement of next-generation optoelectronic devices,
such as flexible displays and sophisticated solar cells, hence propelling continuous research in
their manufacturing and integration. Despite having good optical properties, some of these
monolayers have wide bandgaps and absorption limited only to the ultraviolet region of the

optical spectrum.

1.2 ELECTRONIC AND OPTICAL PROPERTIES OF MATERIALS

Materials are important in everyday life because of their versatile structural properties. Other
than structural properties, materials are significant due to their physical properties [4],
including magnetic properties, thermal properties, electrical properties, electronic properties,
and optical properties. To identify the novel materials for a variety of optoelectronic and
photovoltaic applications, it is essential to understand the optoelectronic properties of the

materials [3].

Among the various electronic properties of the material, the key property of any material is its
bandgap, which decides the emission wavelengths of optical devices fabricated from the
respective material. The higher the energy, the shorter the wavelength. Photodiodes and other
semiconductor photodetectors fabricated from the material can have a substantial responsivity
only for photon energies above the band gap energy of the materials utilized [5]. Similarly,
solar cells can only utilize light with photon energies above the band gap of the materils utilized
in the fabaication. Further, the band gap also determines what portion of the solar spectrum a
photovoltaic cell absorbs. A semiconductor will not absorb photons of energy less than the
bandgap, and the energy of the electron-hole pair produced by a photon is equal to the bandgap
energy. Due to the above reasons, the bandgap plays a key role in identifying the properties of

materials for various applications [9].

The changes that light undergoes upon interacting with a particular substance are known as the
optical properties of that substance. The optical properties of composite materials comprise an
interesting field of study, since these properties may differ significantly from those of the
constituents [11]. Due to this fact, one may design materials with properties meeting a set of
desirable conditions. To achieve this goal, two requirements must be met: suitable constituent
materials must be found and characterized, and relationships predicting the effective optical
parameters of a composite must be determined. The optical properties of the materials can be

utilized in many applications, like domestic, health, astronomy, and manufacturing.



Along with electronic and optical properties, in materials, structural properties such as lattice
constant and formation energy are also imprprtant to evelaute and play a crucial role in
determining the performance and stability. The lattice constant measures the periodic distance
between atoms in a crystal structure and significantly influences electronic and optical
properties. Variations in lattice constants can lead to changes in band gap energy and carrier
mobility, which are essential for deciding the efficiency of devices like light-emitting diodes
(LEDs) and lasers. Further, the formation energy indicates the thermodynamic stability of a
material, with lower formation energies suggesting that a material is less likely to degrade or
undergo phase transitions under operational conditions. This stability is especially important in
environments that expose devices to varying temperatures and conditions. By carefully
optimizing lattice constants and minimizing formation energy, optoelectronic materials that

exhibit superior performance and reliability can be designed.

1.3 DENSITY FUNCTIONAL THEORY FOR MATERIAL
CHARACTERIZATION

Density Functional Theory, widely recognized as DFT, is a quantum mechanical approach
employed on the materials to investigate various properties. The DFT is based on the traditional
Kohn-Sham (KS) equation, which simplifies the many-body electron interaction by employing
non-interacting electrons that replicate the actual electron density of a system. In DFT, the
accuracy of the calculated results depends on the choice of the exchange-correlation (XC),
functional capturing the eftects of electron exchange (Pauli exclusion principle) and correlation
(electron interactions) [34]. Along with exchange correlation, the choice of approximations,
including the Local Density Approximation (LDA) and Generalized Gradient Approximation
(GGA), plays a vital role in deciding the computational efficiency. DFT is essential in materials
research for forecasting features such as conductivity, magnetism, and structural stability,

facilitating material design and discovery [15, 42].

More advanced functionals, such as hybrid functionals, incorporate exact exchange from
Hartree-Fock theory, while meta-GGA functionals include additional information like kinetic
energy density. Beyond standard DFT, extensions like DFT+U improve the treatment of
strongly correlated systems, while the GW approximation refines quasiparticle energy
calculations. The accuracy of DFT strongly depends on the choice of XC functional,

influencing its effectiveness in various applications, including band structure calculations,



catalysis, energy storage, and mechanical property predictions. Despite its approximations,
DFT, particularly through the Kohn-Sham formalism, remains a cornerstone of modern

materials science, enabling the design and discovery of new materials with tailored properties.

In the past few years, DFT has also been utilized by the researchers for forecasting the
electronic and optical properties of materials. The band structure and the light interaction of
the materials can be accurately computed by applying the DFT on ATK VNL. Although the
exchange-correlation functional used in the initial days of DFT, i.e., LDA, faced many accuracy
issues in the prediction, the discovery of accurate exchange-correlation (XC) functionals,
many-body perturbation theories (e.g., GW), and machine learning (ML) allowed DFT to
predict accurate results and to identify novel materials for a variety of applications. In
conclusion, DFT-based methods form the foundation of contemporary computational
investigations into the bandgap, absorption, dielectric, and refractive properties. Progress in
hybrid functionals, many-body corrections, and machine learning-driven models persists in
closing the gaps between theory and experiment. These innovations facilitate the systematic

design of advanced materials for energy, sensing, and quantum and optical technologies.
1.4 TECHNIQUES FOR TUNING THE PROPERTIES OF MATERIALS

Perovskite materials demonstrate superior optoelectronic properties, and their performance can
be further enhanced by using the techniques like doping, strain engineering, and layering.
Doping alters the band structure by incorporating foreign atoms at the A, B, or X sites,
enhancing charge transfer, stability, and absorption. Strain engineering, applied externally,
modifies the lattice structure, resulting in bandgap adjustment and improved carrier mobility.
Layering (heterostructuring) entails the amalgamation of perovskites with alternative materials
to establish adjustable band alignment, enhance charge separation, and optimize optical
absorption. These techniques provide exact regulation of perovskite characteristics, rendering

them optimal for high-performance solar cells, LEDs, and photodetectors.
1.4.1 Doping for bandgap modulation of perovskite

Doping can make the electronic and optical properties of perovskites (ABX structure) much
better, which makes them more useful for many optoelectronic applications. Adding foreign
atoms to the A or B site of perovskite changes the bandgap and makes the charge transfer,

stability, and optoelectronic properties better. The A-site doping in the perovskite primarily



influences the crystal symmetry, ionic mobility, and defect passivation. The B-site doping, on
the other hand, allows bandgap engineering and improves the properties of the perovskite that
is being used in optoelectronics. In the same way, halide perovskites are sometimes doped at
the X site as well. This may cause a shift in absorption toward the blue spectrum, which is good

for tandem solar cells.

In oxide perovskites, the doping at the O site generates an oxygen vacancy, thereby augmenting
the catalytic activity and conductivity of the targeted perovskite. The doping percentage, along
with the choice of doping site and type of dopant, influences how doping affects the properties
of perovskites. Among the variety of dopants, the metal doping in perovskites significantly
alters optical, electrical, and structural characteristics. It further improves the bandgap
modulation, charge transport, and stability. The right amount of metal dopants makes
perovskites more useful in photovoltaics, photocatalysis, and optoelectronics by increasing

their conductivity and absorbance in the visible region.
1.4.2 Strain Engineering for perovskites

Strain engineers have become a powerful tool for modulating the optical properties of materials
in recent times. The application of the strain on perovskites directly affects the electronic
structure and defect dynamics. Strain can generate structural phase transitions, modifying
optical absorption and emission characteristics. The type and intensity of the applied strain
determine its implications. The applied tensile strain expands the lattice and typically results
in a decrease in the bandgap. This untimely shift the absorption towards the visible region from
the undesired ultraviolet region (redshift). Putting compressive strain on the other hand makes
the lattice smaller, which increases the bandgap and moves the absorption toward shorter
wavelengths (blueshift). This approach is truly advantageous for optimizing the properties of
perovskite for various optoelectronic, photovoltaic, and solar applications. Additionally, the
applied strain on perovskite can either enhance or suppress radiative recombination, thereby
influencing the intensity of photoluminescence. Strain can also modify the defect densities and
trap states, influencing carrier lifetimes. A well-thought-out strain field can reduce non-

radiative recombination and boost photocarrier transmission in perovskites.
1.4.3 Layering of Tin and Zinc Monochalcogenides

The formation of heterostructures by stacking monolayers of various materials is a viable

technique for enhancing optical properties and evolving novel structures for next-generation
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optoelectronic applications. The monolayers of monochalcogenides of Sn and Zn, including
SnS, SnSe, ZnS, and ZnSe, are extensively studied by the researchers due to their tuneable
bandgap and superior optical properties. The tin monochalcogenides have considerable
absorption in the visible region. However, the zinc monochalcogenides have absorption limited
only to the ultraviolet region of the optical spectrum, which limits their usability in
optoelectronic and photovoltaic applications. The formation of a heterostructure of SnS with
SnSe, ZnS, and ZnSe results in manipulation in the bandgap, which is crucial in defining their
optical absorption and emission properties. The layered architecture facilitates quantum
confinement phenomena, wherein diminished dimensionality amplifies exciton binding energy,

resulting in intensified light-matter interactions.

Furthermore, strain engineering in these heterostructures can adjust the bandgap by applying
compressive or tensile strain, thereby successfully modifying photoluminescence emission and
absorption thresholds. Furthermore, the development of heterostructures can mitigate defect
states and diminish non-radiative recombination centers, resulting in enhanced luminescence
efficiency. The capability for bandgap modulation in these heterostructures facilitates
applications throughout a broad spectral range, from visible to infrared, rendering them
appealing for telecommunications, infrared detection, and photonic integration. Another
advantage is their eco-friendly and lead-free characteristics, providing a sustainable alternative
to traditional optoelectronic materials. These heterostructures have superior stability relative to
their constituent components, minimizing deterioration under light exposure or environmental
conditions, which is essential for prolonged device operation. These enhancements render them
exceptionally appropriate for sophisticated applications in photodetectors, LEDs, solar cells,

and various optoelectronic technologies.

1.5 PROBLEM STATEMENT

Investigation into the structural, optical, and electronic properties of perovskites is essential for
improving their acceptability for optoelectronic applications and designing the novel materials.
In the wide variety of oxide perovskites, lithium niobate (LiNbOs) and strontium titanate
(SrTiOs) are prominent members of the perovskite family largely recognized due to their
extraordinary electronic and optical properties. These perovskites are extensively utilized in a
variety of applications like photonics, optoelectronics, and nonlinear optics. Nonetheless, the
fundamental bottleneck of LiNbOs; and SrTiO; is their wide bandgap, which limits their

absorption in the ultraviolet region of the optical spectrum only. The value of the direct bandgap
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for LiNbO:s is 3.8 eV, while it is 3.2 eV for SrTiOs. Due to these wide bandgaps, the absorption
is found in the lower energy ranges only (ultraviolet region). This limits the efficient utilization
of LiNbO:s and SrTiO:s for the visible and infrared-based applications and results in diminishing
their efficacy in numerous practical applications that necessitate robust absorption throughout

a wider spectral range.

Specifically, in the photovoltaic and photocatalytic-based applications, the material having
capabilities of absorbing only UV photons is discouraged as the UV region is only 3-5% of the
entire optical spectrum. The restricted light absorption of LiNbOs and SrTiOs indicates that
only a little fraction of the solar spectrum or artificial light may be utilized, making them less
efficient for energy conversion applications such as solar cells, photocatalysis, and light-
harvesting. Furthermore, the broad bandgap of these perovskites degrades their electrical and
optoelectronic efficacy. In photodetectors and optoelectronic devices, materials having a broad
absorption spectrum are favored as they can produce charge carriers under lower-energy
(visible and near-infrared) illumination. To improve the visible region absorption of LiNbOs
and SrTiOs, bandgap engineering can be performed by using various techniques, including
doping, strain engineering, and heterostructuring (layering). Doping involves incorporating
foreign atoms into the perovskite lattice to introduce new electronic states, modify band edges,

or induce structural changes that improve visible light absorption.

Strain engineering exploits lattice distortions to modify the electronic band structure, reducing
the bandgap and enhancing optical absorption. Applying strain changes the crystal symmetry
and influences orbital interactions, effectively shifting the absorption edge toward longer
wavelengths. Notwithstanding these problems, LiNbOs and SrTiOs continue to be esteemed
materials owing to their remarkable ferroelectric, piezoelectric, and nonlinear optical
characteristics. Their application in frequency conversion, electro-optic modulation, and
photonic devices remains a significant focus of study. For applications demanding high optical
efficiency in the visible and infrared spectra, changes or alternative materials with reduced
bandgaps are essential to enhance performance. Layering perovskites with other materials or
designing heterostructures is another effective method to extend optical absorption into the

visible and near-infrared regions.

By combining different materials, band alignment and charge separation properties can be
optimized. The integration of monolayers of Zn and Sn monochalcogenides into

heterostructures offers pathways for novel optical and electronic phenomena. Analyzing the



interfacial interactions and electronic band alignments in such systems is critical for realizing
advanced devices that exploit their unique properties and thus address challenges in the field

of optoelectronics.

Therefore, the overall problem addressed in this work is tuning the optical and electronic
properties of perovskites by means of doping and strain. Further, the heterostructure of Zn and
Sn monochalcogenides is also formed to investigate the impact of layering on optical and
electronic properties. The strategies of doping, strain, and layering eventually modify the
electronic structure and result in improving the visible light absorption, which ultimately

enhances the performance of perovskites in optoelectronic applications.

1.6 OBJECTIVES

The main objective of this work is to tune the electronic and optical properties of materials by
employing techniques like doping, strain, and layering. To evaluate the impact, firstly, the
electronic and optical properties of pristine SrTiOs and LiNbOs are calculated using DFT
computations. The same properties are calculated for the monolayers of ZnS, ZnSe, SnS, and
SnSe. To analyze the electronic structure, the bandgap is calculated; however, the optical
behavior is analyzed by calculating the optical parameters like refractive index, dielectric

function, and absorption coefficient.

All the DFT computations are performed on ATK VNL with the exchange correlation
functional of LDA and GGA for the calculations of electronic properties and geometry
optimization. However, optical properties are calculated using meta-GGA to achieve the
accuracy in the calculated result. In doping, various plasmonic dopants like Au, Ag, Al, and Cu
with different doping concentrations are utilized. In strain, compressive and tensile strains of
varying intensities are applied to modulate the properties for desired applications. Furthermore,
the heterostructures of SnS is formed with ZnSe, SnSe, and ZnS to engineer the optical
properties for optoelectronic and photovoltaic applications. To accomplish the proposed work,

the following objectives are framed:
Objective 1:

Analyzing the effect of metal doping (M= Au, Ag, Cu, Al, Mn, Mo, Ni, and Fe) on electronic
and optical properties of lithium niobate (LiNbO3) crystal for optoelectronic applications: A

First-principles Calculation.
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Objective 2:

Determining the structural, electronic, and optical Properties on strontium titanate (SrTiO3)
crystal. Tuning the electronic and optical properties of SrTiO3 through plasmonic metal doping

for optoelectronic and photocatalytic applications.
Objective 3:

Investigating the structural stability of the doped LiNbO3 and doped SrTiOs3 using formation
energy. Exploring the evaluation of improved visible light absorption and photocatalytic

behaviour by application of strain.
Objective 4:

Analysing the structural, electronic, & optical properties of heterostructures of metal
oxides/alkali metals/2D materials and tuning their properties for optoelectronic and

photocatalytic applications.

1.7 METHODOLOGY

To calculate the electronic and optical properties, the density functional theory calculations are
executed on ATK VNL. Overall, the following methodology has been performed to investigate
the electronic, optical, and structural properties of materials and structures and to investigate

the influence of doping, strain, and layering on these properties

e The geometry of the pristine structure/layer is optimized to minimize the energy.

e Electronic and optical properties of pristine structure/layer are calculated using density
functional theory.

e The crystal is modified by mean of doping/strain/heterostructure to achieve the desired
properties for optoelectronic applications.

e Further the stability analysis is carried out using calculations of formation energy.

e For SrTiOs the photovoltaic behavior is also investigate using band edge alignment.

The DFT calculations are performed using a plane-wave basis set, ideal for periodic systems
like crystals, via the Quantum-ATK toolkit, which specializes in simulating electronic
properties. Geometry optimization employs the Perdew—Burke—Ernzerhof (PBE) version of the

Generalized Gradient Approximation (GGA) for the exchange-correlation functional, utilizing
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a Monkhorst-Pack sample in the Brillouin zone. The LBFGS optimization method ensures that
atomic forces remain below 0.02 eV/A and stress below 0.004 GPa. For electronic property
calculations, the GGA method is applied to maintain consistency with prior research, while
optical properties are assessed using the meta-GGA (TB09) approach, also employing the same

k-point sampling.

For the material, a relationship among the dielectric constant (er), response coefficients,

polarizability (a), optical conductivity (o), and susceptibility () is given as:

g =1+ x(w) (1.1)
a(w) = Vegx(w) (1.2)
o(w) = —img(wgox(w)) (1.3)

The refractive index (1), extinction coefficient (k), and dielectric constant (er) are related as:

N+ ik = /e, (1.4)

Refractive index (1) and extinction coefficient (k) can be represented in terms of real (&;) and

imaginary parts (&;) of dielectric function, as:

K= Ve tea?oey (1.6)

Coefficient of optical absorption and coefficient of extinction are related as:

w
o, =2—
a (o}

K (1.7)

Wavelength (A) and photon energy (E) are related as:

1.2398

AGum) = 1 (18)

The strain is applied in the biaxial directions and is defined below.

€ =220x100% (1.9)
ag
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In the equation given above, ao is the value of the lattice constant (relaxed and without strain)
and a represents the lattice constant with strain. The positive value of € represents the tensile
strain and the negative value represents the compressive strain. Further, to investigate the
structural stabilities of doped structures the total energy calculations are performed on pristine

and doped SrTiO3. with the relation given below.

(Er—xEsr—yET1i—2E0—KEMm(Au,AlLAu,C)) (1.10)
X+y+z ’

EBinding = -
In the equation given above ET is the computed energy, Esr is the computed energy of Sr, E is
the computed energy of O, ETi is the computed energy of Ti, and Em is the computed energy
of the dopant. X, y, z, k, and N are the number of atoms. The formation energy is calculated by
using the equation given below.

(EDoped_EPristine_XEM(Au,Al,Au,Cu))
Eformation = — N (1.11)

In the equation given above S, Epristine is the computed energy of pure crystal, and EM is the
computed energy of the dopant. x and N are the total numbers of dopant atoms and the total

number of atoms in the nanocrystal respectively.

1.8 THESIS ORGANIZATION

The thesis is organized into seven chapters, beginning with the first chapter dedicated to the
introduction. In the second chapter, an overview of different perovskites and their properties is
presented. Chapters three to six are dedicated to the four objectives identified based on the
technical gaps. Finally, in chapter seven, the key findings are summarized, and the future of the

work is presented. A brief overview of the contents of each chapter is as follows:

Chapter 1: Introduction

This chapter highlights the origin, structure, and electronic and optical properties of
perovskites. It provides an overview of key topics covered in the thesis, including the structure
of perovskites and monolayers, their electronic and optical characteristics, methods for tuning
material properties, and an introduction to density functional theory. Additionally, the
significance of these topics and current research trends are highlighted, offering a

comprehensive foundation for the discussions that follow.

13



Chapter 2: Literature Review

In this chapter, a detailed literature review of the perovskites and heterostructures for
optoelectronic applications is presented. The origin, structure, and properties of perovskite
lithium niobate and strontium titanate are reported in the literature. Their structural, electronic
properties, and optical properties are reviewed for optoelectronic-based applications.
Subsequently, the impact of doping, strain, and layering on the optical and electronic properties
of various materials is reviewed for optoelectronic applications. Further, a detailed review is
carried out on the stability analysis of perovskites and the photovoltaic behavior of perovskites.
Additionally, materials like ZnS, ZnSe, SnS, and SnSe are also reviewed, offering
advantageous properties for optoelectronic applications. Heterostructures formed by stacking
different monolayers combine diverse electronic and optical properties, enhancing device

functionality.

Chapter 3: Metal Doping for Improving Optical Properties of Lithium Niobate

In this chapter, the structural, electronic, and optical properties of pristine lithium niobate
(LiNbOs) and its metal-doped variants are illustrated using first-principles Density Functional
Theory (DFT) calculations. Various transition and plasmonic metals (e.g., Al, Cu, Ag, Au) are
examined to determine their impact on reducing the bandgap and enhancing optical properties
for optoelectronics applications. The study utilizes a hexagonal unit cell model with 40 atoms,
applying a 5% doping concentration. Key findings include changes in lattice constants and

significant reductions in bandgap, alongside an improvement in the optical properties.

Chapter 4: Tuning the Optical Properties of SrTiO; for Optoelectronic and
Photocatalytic Applications

This chapter presents the structural, electronic, and optical properties of strontium titanate
(STO) doped with plasmonic metals (Ag, Al, Au, and Cu) using density functional theory
(DFT) utilizing Quantum-ATK. Doping occurs at a 5% concentration targeting titanium sites.
Results show enhanced electronic and optical properties in M-STO, suggesting promising
applications in optoelectronics and photocatalysis, particularly in relation to water redox

potential.
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Chapter 5: Strain Engineering for Tuning the Optoelectronic Properties of Perovskites

This chapter focuses on the impact of compressive and tensile strain on structural, electronic,
and optical properties. The pristine and doped crystal of strontium titanate (SrTiOs) and lithium
niobate (LiNb) is applied with the compressive and tensile strain of varying intensities (10%
and 20%). Further, the impact of varying strains (compressive and tensile) on the optical and

electronic properties of pristine and doped crystals is explored.

Chapter 6: Layering and Strain for Tuning the Optical Properties of Monolayers

This chapter employs density functional theory (DFT) to analyze the electronic, structural, and
optical properties of monolayers of tin-monochalcogenides (SnS and SnSe) and zinc-
monochalcogenides (ZnS and ZnSe). Heterostructures are formed by combining SnS with
SnSe, ZnS, and ZnSe, enabling bandgap engineering to optimize absorption and shift optical
properties into the visible range. The resulting SnS-based heterostructures exhibit enhanced
optoelectronic characteristics, demonstrating significant potential for applications in solar

cells, optoelectronic devices, and photovoltaic technologies.

Chapter 7: Conclusions and Future Scope

In this chapter, the key findings of each chapter are summarized point-by-point to explain how
each objective is achieved and their key features are reiterated. In the future scope section, the
different aspects that can be worked upon are highlighted. Also, different possible aspects for

memory improvement are identified.

The chapters are followed by the list of publications and references. All the papers published,
submitted, and in progress for the completion of this work are listed in section — List of
Publications. While all the books and papers that were referred to during the study to form the

basis for this work are listed in the reference section.
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CHAPTER-2
LITERATURE REVIEW

This chapter focuses on perovskites and explores various techniques utilized to tune their
properties for diverse applications. Among the different types, oxide perovskites, known for
their wide bandgap and exceptional optical properties, are extensively reviewed based on their
characteristics. The chapter presents a comprehensive literature review on perovskites,
covering their origin, properties, and applications. In recent years, researchers have been
actively investigating techniques to modulated the electronic and optical properties of
materials. The chapter highlights key techniques such as doping, strain engineering, and
layering, which play a crucial role in material modeling. As the demand for advanced materials
in next-generation optoelectronics continues to grow, discovering innovative approaches for

material optimization has become essential.

These techniques allow researchers to precisely tailor material properties without altering their
fundamental composition. Doping introduces foreign elements into the material structure,
improving electrical conductivity and optical behavior. Strain engineering manipulates lattice
distortions to optimize mechanical stability and electronic properties, while layering enables
better control over material interfaces, enhancing overall functionality. By varying the layers,
properties like electrical conductivity, thermal resistance, and mechanical strength can be
customized. Layered heterostructures, especially in 2D materials, allow for quantum effects

that enable novel functionalities.

This chapter is divided into eleven sections, each covering a distinct aspect of perovskite
materials. It begins with an introduction in section one, followed by second section, which
elucidate the evolution of perovskites. Section three discusses the crystal structure of
perovskites, while section four explains the crystal stability of perovskites, while Section five
explains their key properties. Section six highlights the use of Density Functional Theory
(DFT) in assessing material characteristics, and Section seven illustrate the effects of doping
on the electronic and optical properties of perovskites. The influence of strain on these
properties across various materials is explained in Section eight. Section nine explores layering

and heterostructures as a means to modulate the bandgap and absorption characteristics of bulk
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and layered materials. Section ten reviews the diverse applications of perovskites, and finally,

Section eleven identifies technical gaps in the field based on the literature review.

2.1 INTRODUCTION

The last few decades played a vital role in the evolution of nanotechnology and flourished it to
a large extent. Nowadays, many types of research are being carried out by the researchers in
the field of nanotechnology. The advancement in the field of nanotechnology in the past few
decades is mainly concentrated on developing the crystal of nanomaterial, synthesis and
characterization, and further augmentation in the size and shape of the synthesized
nanomaterial at the nanoscale for desired characteristics [1, 9, 10]. In the field of material
science, the word nano is taken from the Greek word nanos or the Latin word nanus. The
meaning of nanos or nanus is dwarf, which is a mixture of chemistry, physics, solid state, and
material science [2]. The study of nanomaterials involves the study of physics, chemistry, and
its derived field, material science, and solid state [3]. Nanoscience study also involves the
understanding of the arrangement of atoms in the materials and the synthesis of the novel

materials along with characterization [4, 13].

In the past few decades, the advancement in the field of nanotechnology gained the attention
of the industry and is responsible for the widespread use of nanotechnology in the
manufacturing of optoelectronic devices [5-7]. The nanotechnology evolved with the vast
applications in engineering, environment, electronics, and defense [8, 14]. Even though a lot
of advancement has happened in nanotechnology in the past few years, there is still a scope in
identifying the new novel nanomaterials for various applications. By seeing the ongoing
development in the field of nanotechnology, it can be anticipated that in the upcoming years,
the devices based on nanotechnology will control the living environment and communication
[11, 12]. This increases the interest of the research community to elaborate on the topics of

nanotechnology in detail.

The fundamental element of the nanotechnology is the nanomaterial, used for the fabrication
of various electronic and optical devices for potential applications [15, 16]. The materials
having crystals with a size less than 100 nm and with at least one dimension are considered
nanomaterials [22-24]. The fundamental characteristics of the nanometers are primarily
decided by the arrangement of the atoms and the shape and size of the material.

Advantageously, the nanomaterials are capable of producing new characteristics and properties
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by modification in the arrangement of atoms and the shape and size of the material at the
nanoscale [25, 26]. Largely, all the nanomaterials can be classified in the category of
nanosheets, nanoparticles, nanotubes, and nanorods based on the shape of the nanomaterial.
Additionally, the classifications of the nanomaterials can also be carried out based on their
dimensionality [27, 28]. The nanoparticles, quantum dots, have zero dimension; the nanorods
and nanotubes are one-dimensional; and films and layers are two-dimensional [21, 28]. The

two or more may be combined to form the three-dimensional nanomaterials.

The classification of nanomaterials based on dimensionality is illustrated in Fig. 2.1. In the
zero-dimensional nanomaterials, all the dimensions are in the range of nanoscale [29]. In one-
dimensional nanomaterials, one dimension is in the range of nanoscale, and the other two are
out of the nanoscale range [27]. In two-dimensional nanomaterials, two dimensions are in the
range of nanoscale, and one is out of the nanoscale range. In three-dimensional nanomaterials,

all the dimensions are not in the range of nanoscale (>100 nm scale) [28].

oD es 1D
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ires, rods 2D nanowires, rods 3D nanowires, rods
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Quantum dot
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) \\

Gold NPS Ceramic crystals C-coated NPS Liposomes

Fig. 2.1 Classification of perovskite on Dimensionality.

Nanomaterials can be further classified as carbon-based nanomaterials, semiconductor
nanomaterials, polymeric nanomaterials, and metal nanoparticles based on their constitution.
In the carbon-based nanomaterials, as the name suggests, the primary constituent is carbon.
The carbon nanotube (CNT) and fullerenes are examples of carbon-based nanomaterials [30].
These are far stronger than the steel and are useful in the enhancement of structural properties.
The CNTs are classified as single- or multi-walled and have extraordinary conductivity,
electrical properties, high strength, and electron affinity [31, 32]. The metal-based
nanomaterials are made of divalent and trivalent metal ions. The metal-based nanomaterials
have high good absorption ability due to high surface area. The properties of metal-based

nanomaterials can be changed by doping them with different elements with varying
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constitution. Semiconductor nanomaterials have both metallic and non-metallic properties with
a wide bandgap and are utilized in the fabrication of electronic and optical devices [33]. Oxides,
sulfides, and phosphates of various group II-VI and group III-V elements come under

semiconductor nanomaterials.

In recent decades, semiconductor graphene nanocomposite has evolved as a promising
candidate for the fabrication of electronic and optical components [34]. Along with the above
nanomaterials, the nanocomposite has a high value of surface to volume, which is advantageous
for many applications. Among the available nanomaterials, there is a superior class of
materials, known as Perovskite having chemical composition like calcium titanate (CaTiO3),
identified in 1939 by Gustavus Rose mineralogist of University of Berlin, in the Ural
Mountains of Russia [35]. The schematic of the perovskite is shown in Fig. 2.2. The mineral
was named after the renowned noble man Russian mineralogist Lev Perovski and is found in

Russia, and various geographical locations like Arkansas, Italy, and Switzerland [36, 37].

2.2 EVOLUTION OF PEROVSKITES

Perovskites have emerged as transformative materials in modern technology, combining
exceptional optoelectronic properties with versatile fabrication techniques. Known for their
high-efficiency light-harvesting capabilities, they have revolutionized solar energy by enabling
ultra-thin, flexible panels and tandem cells that surpass traditional efficiency limits. Their rapid
development underscores a paradigm shift in renewable energy and next-generation
optoelectronics, blending performance with adaptability for a brighter technological future.
Past studies revealed that the elements with a perovskite structure have excellent physical,
electronic, chemical, and optical properties like a high absorption coefficient, high mobility,

and a high carrier lifetime, which make them suitable for optoelectronic applications [38].

They also identified good photocatalytic, magnetic, thermoelectric, and dielectric behavior
along with excellent chemical and thermal stability [39]. Because of their unique qualities,
perovskite materials are very appealing for a range of optoelectronic and photovoltaic device
applications. Due to their remarkable light absorption, adjustable bandgaps, and high charge-
carrier mobilities, solar energy technologies have advanced significantly. Examples of these
developments include the creation of flexible, ultra-thin panels and tandem cells that

outperform conventional efficiency thresholds. [40].
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One of the predominating applications of perovskites is in the fabrication of light-harvesting
devices, such as photodetectors [41]. The creation of high-performance photodetection systems
has been made easier by perovskite materials' effective ability to transform incident photons
into free charge carriers. They are effective in photodetection applications because of their
remarkable optoelectronic characteristics, which include long carrier diffusion lengths and high
absorption coefficients [42]. Along with the utilization in the fabrication of photodetectors,
perovskites are also widely utilized in the fabrication of devices for various optoelectronic
applications, including light-emitting diodes and optical sensors [43]. Beyond optoelectronics,
perovskites have also proved great potential in sensing applications due to their exceptional
structural characteristics and excellent sensing performance towards diverse chemical and

biological species, both in solid and solution states.

The extraordinary optical, electronic, physical, structural, and chemical properties of the
perovskites make them broadly acceptable and highly versatile in the fabrication of a variety
of devices in the modern era. The versatility of perovskites is further highlighted by their ability
to be modified through phase, dimension, composition, and geometry [44]. These
modifications allow perovskites to be customized for particular uses, improving their
functionality in a range of optoelectronic devices. This allows researchers to tune their
properties to meet the specific requirements of various applications, unlocking a wide range of
possibilities for the future of perovskite-based technologies. However, the large bandgap of
perovskites limits their usability for optoelectronics applications. Due to wide bandgap of
perovskites, they can only absorb the light of low wavelength in the ultraviolet region, which

limits their optoelectronic efficiency [35].

In recent times, there were several reviews conducted to elucidate the applicability of
perovskite structures in optoelectronic applications [40, 42, 45]. Elangovan et al. [46] in 2019
examined the characteristics, production, and classification of perovskites with an emphasis on
their uses in photovoltaics, biological sensing, and catalysis. A thorough review of perovskite
applications, such as solar cells, LEDs, photodetectors, lasers, and new neuromorphic devices,
was given by Zhang et al. [40] in 2023 highlighted stability enhancements and material
engineering breakthroughs for commercialization. Fu et al. [43] in 2017 discussed the synthesis
techniques, photophysical characteristics, and optoelectronic applications of perovskite
nanocrystals and highlighted their adjustable emission and high photoluminescence quantum

yield for lasers and LEDs.
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Chouhan et al. [47] performed an extensive review on the synthesis, optoelectronic
characteristics, and uses of halide perovskites. They investigated diverse synthesis techniques
for these materials, highlighting the impact of halide content on their bandgap and optical
properties. The research emphasized the capabilities of halide perovskites in high-efficiency
solar cells, luminous LEDs, and lasers. It has been concluded in the past studies that the optical
properties of perovskite are completely dependent on their electronic structure, which

significantly varies due to its dependency on surface atoms.

2.3 PEROVSKITE: CRYSTAL STRUCTURE AND CATEGORIZATION

Perovskite is a very unique class of material with exceptional structure and chemical
composition, which differentiates it from other materials. The extraordinary properties of the
composition of perovskites make them suitable for a wide range of applications. The
perovskites are identified with the composition ABXs, where A is the representation of a large
cation and B represents a metal cation [35, 36, 47]. X is a representation of an anion, which is
either a halide ion or oxygen. The unique and versatile composition of perovskites makes it

suitable for a variety of applications [38, 40, 45].

In this section, the basic structure and properties of perovskites are described. The focus is on
the various properties of perovskites illustrated in the previous research. In perovskite, where
there is a presence of a cubical structure of A, B, and X sites [35, 38, 45, 47]. The B site and X
site of perovskite form an octahedron with one B atom surrounded by the six A atoms [39]. A
site is located in the octahedra and maintains the charge neutrality. The idea of a cubic structure
of perovskite can be transformed to tetragonal, orthorhombic, or rhombohedral phases due to

variation in the structure and properties of A, B, and X sites.

Based on the type of A site, B site, and X ion, perovskite can be broadly categorized into
organic-inorganic hybrid perovskite, inorganic perovskites, and oxide perovskites [48, 49]. The
organic-inorganic hybrid perovskite has either organic or inorganic elements on the A and B
sites. Due to their high absorption coefficient and tunable bandgap, they have promising
applications in optoelectronics and photovoltaics [50]. The common example of hybrid
perovskite is methylammonium lead iodide (MAPbI:), where the organic cation is

methylammonium (CHsNHs") and the inorganic component is lead iodide (Pbls).
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Fig. 2.2 Crystal structure of the unit cell perovskite.

Egger et al. [50] in 2016 investigate the dynamic structural effects of hybrid organic-inorganic
perovskites (HOIPs) and their influence on optoelectronic properties and applications. HOIPs
have remarkable semiconducting and light-absorption properties, rendering them suitable for
photovoltaics, LEDs, and various optoelectronic devices. The research emphasizes the
structural adaptability of HOIPs, wherein substantial molecular and octahedral
reconfigurations affect charge transfer, carrier lifetimes, and optical absorbance. In inorganic
perovskite, the A-site cation is an inorganic ion like cesium (Cs*). The inorganic perovskites
have excellent thermal stability and are utilized for applications with the requirement of robust

operational performance [51].

Tai et al. [52] in 2019 examine the structural and compositional characteristics of inorganic
perovskites, specifically CsPbXs (X = Cl, Br, I). The paper underscores the stability advantage
of cesium-based perovskites compared to hybrid organic-inorganic variants, accentuating their
resilience to moisture and temperature deterioration. The research investigates halide variation
and doping techniques to modify optical characteristics, augment charge transport, and extend

device lifespan.

On the other hand, in the oxide and halide perovskites, the X anion is always oxygen or halogen
(chlorine, bromine, or iodine), respectively [35, 53]. The CaTiOs, SrTiOs, and LiNbOs are
examples of the oxide perovskites. MAPbIs, CsPbls, and CsSnBrs are examples of hailed
perovskites. This section summarizes two broad classes of perovskites: halide perovskites and
oxide perovskites. Due to variation in chemical and structural characteristics of oxide and

halide perovskite, there is variation in the optoelectronic properties. The halide perovskite has
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high performance, but the stability is a main concern in the halide perovskites. On the other

hand, the oxide perovskites have stable structures with wide bandgaps.

Table 2.1 Properties and applications of halide and oxide perovskites.

S. No. | Property/Application Oxide Perovskites Halide Perovskites

1. Band Gap Wide (>2.5 eV), limiting | Narrow (1.2 to 2.3 eV), ideal for
solar efficiency photovoltaics and LEDs

2. Absorption Coefficient Generally lower than halides | High (~10° cm™), excellent for

light absorption

3. Charge Carrier Diffusion Often lower due to stronger | Long diffusion lengths (>1 pm),
electron-phonon interactions | benefiting optoelectronics

4. Photoluminescence Quantum | Lower due to higher non- | High PLQE, making them ideal for

Efficiency (PLQE) radiative recombination light-emitting applications

5. Thermal Stability Excellent, can withstand | Poor, degrades under heat
high temperatures

6. Chemical Stability Stable in humid and oxygen- | Degrades in moisture, requiring
rich environments encapsulation

7. Toxicity Lead-free and | Contains toxic Pb, raising
environmentally friendly sustainability concerns

8. Longevity Long-lasting, suitable for | Shorter lifespan without protective
industrial applications measures

9. Processing Temperature Requires high temperatures | Processable at low temperatures
(~600 °C) (~100 °C)

10. Fabrication Methods Primarily solid-state | Solution-processed, enabling
reactions or vapor deposition | scalable and low-cost

manufacturing

11. Structural Flexibility Difficult to modify due to | Highly tunable via composition
rigid bonding and dimensionality adjustments

12. Photovoltaics Limited use due to wide band | Leading material with record
gap, but improving efficiencies (>25%)

13. Light-Emitting Diodes (LEDs) | Less efficient due to low | Excellent candidates for LEDs and
PLQE display technologies

14. Spintronics & Memory Strong candidate due to | Limited due to soft lattices and low
ferroic properties stability

15. Sensors & Actuators Highly durable, used in | Less explored but potential exists
industrial applications

The compression of the properties of halide and oxide perovskite is illustrated in Table 2.1. The
distinct structural and chemical characteristics of halide and oxide perovskites lead to varying
functionalities. While halide perovskites excel in optoelectronic applications, their long-term
stability remains a challenge. Oxide perovskites, on the other hand, offer unparalleled thermal

and chemical stability, making them suitable for energy storage and electronic devices [56, 57].
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2.4 PEROVSKITE: CRYSTAL STABILITY

The utilization of any material for various applications is decided by its stability. In the same
way, the stability of the perovskite decides its applicability in a variety of applications. To
predict the structural stability of the perovskite, the Goldschmidt tolerance factor (t) is used
and is defined as below [58].

rat+ryx

t= V2+(rp+rx)

@.1)

In the above equation, 1,4, 15, and 1y, represents the ionic radii of A, B, and X, respectively. A
is the representation of the tolerance factor. The value of tolerance factor lies in the range of
0.8 to 1.0 for stable perovskite structure. In the case of halide perovskites, due to their ionic
nature, stability is also determined by environmental factors such as moisture, heat, and UV
radiation. For utilizing the perovskites in various optoelectronic applications, various
techniques like cation and anion engineering are used to enhance stability. Cation engineering
is used for improving the thermal and phase stability by replacing the organic cations with
inorganic ones. In anion substitution, the mixed halides, such as Br/I", provide a balance
between stability and bandgap tunability. Further, the process of additives and passivation is
also used to improve the stability [58, 59]. In this process, the stability is achieved by

incorporating the passivating agents to form the defects that enhance longevity.

It is evident from the previous research that the halide perovskites suffer from the stability
concerns due to moisture, heat, light, and oxygen exposure [59]. The availability of the
moisture results in the degradation of the material, whereas the heat changes the phase, making
the halide perovskite unstable. Due to illumination, the ion migration and phase separation take
place in halide perovskites and result in instability and performance degradation. However, the
perovskite oxides show good stability due to their resilient crystal structure, characterized by a
versatile arrangement of corner-sharing octahedra. The main reasoning behind their stability is
the strong covalent bonding between their oxygen and metal cations [60]. The stable structure
of oxide perovskites makes them highly suitable for high-temperature and high-frequency

applications.

2.5 PEROVSKITE: ELECTRONIC AND OPTICAL PROPERTIES

To understand the fundamentals and to optimize the utilization, it is mandatory to understand

various properties of perovskites like bandgap, refractive index, dielectric constant, and
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absorption coefficient. The crystal structure, composition, and environmental factors play a
vital role in deciding these properties. The performance of the devices fabricated from the
material is directly dependent on these properties. In electronic properties, bandgap is a key
factor that decides the ability of a material to absorb light and conduct electricity. It also decides
the energy of the photon to jump from the valence band to the conduction band. In vast varieties
of perovskites, the halide perovskites, with a bandgap in the range of 1.2 to 3 eV, can absorb
the photon of high energy. The bandgap of these halide perovskites can be modified through

compositional changes.

This is evident from the previous research that the bandgap of perovskites can be tuned by
replacing a cation or anion with some other element. In optical properties, the refractive index
also plays a vital role in deciding the usability of perovskites for optoelectronic applications.
The refractive index of any material is an indication of its interaction with light and ultimately
decides its reflection and refraction behavior. It is evident from the past studies that the halide
perovskites have a high value of refractive index, generally greater than 2. The previously
reported values of electronic and optical properties of various halide and oxide perovskites

along with their absorption are tabulated in Table 2.2.

In a wide variety of perovskites, the oxide perovskites are examined by several researchers in
past years for their stability, adjustable bandgaps, ferroelectric characteristics, and
photocatalytic capabilities. They are essential for energy storage, optoelectronics, sensors, and
superconductors, providing many uses in sustainable energy and technological devices. The
study on oxide pervoskite LiNbOs highlights its wide bandgap (3.78 eV) and strong absorption
in the UV-visible region (~350 nm). It exhibits high absorption coefficients (~10° cm™) at 4.5
eV and 3.2 eV, with a refractive index of 2.29 and a dielectric constant of 85.2. Its optical
response varies with energy, peaking in the UV range, making it suitable for nonlinear optics

and photonic applications [61, 69, 77].

The Chinedu ef al. [63] performed calculations to analyze the electrical, structural, elastic, and
optical characteristics of cubic SrTiOs perovskite, utilizing the Bagayoko-Zhao-Williams
(BZW) technique inside the generalized gradient approximation (GGA) framework. A
significant finding was the forecast of an indirect band gap of 3.24 eV at the experimental
lattice constant (3.91 A) and 3.21 eV at the calculated equilibrium lattice constant (3.92 A),
which corresponds closely with experimental outcomes. The direct band gap was determined

to be 3.43 eV. It is also reported that the SrTiOs; demonstrates considerable absorption at the
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UV-visible threshold, with pronounced absorption at around 3.24 eV and a peak around 380

nm, rendering it suitable for ultraviolet and near-visible light applications. Nonetheless, its

substantial bandgap restricts effective absorption in the visible spectrum, diminishing its

efficacy for photovoltaic and photocatalytic applications.

Table 2.2 Electronic and optical properties of perovskite.

S. | Perovskit | Bandgap | Absorption Wavelength of | Refractive | Dielectric | Referenc

No. | e (eV) Coefficient Absorption (nm) Index Constant | es

l. LiNbO3 3.78 ~10°at4.5eV | 350 nm (UV-Visible | 2.29 85.2 [61, 67,

region) 70]

2. BaTiO3 3.2 ~10° at ~3.2 | ~200-450 nm range. | - High [62]
eV Peak at ~387 nm.

3. SrTiO3 3.24 Strong 380 nm (UV-Visible | 2.45 4.75 [63, 66,
absorption edge) 69]
near 3.24 eV

4. KTaO3 3.57 1.8 x 10° at | 348 nm (UV region) | 2.33 5.8 [64]
5.1eV

5. MAPDI3 1.55 ~1.5 x 10° 750 nm  (Near- | 2.5 25 [65]

Infrared)
6. MAPDbBr3 | 2.23 ~1.8 x 10° 550 nm (Visible - | 2.3 20 [65]
Green)
7. CsPbBr3 2.3 ~1.8 x 10° 450 - 530 nm 2.3 6.1 [68, 71]
8. CsPbI3 1.73 ~1.5 x 10° 600 - 700 nm 2.5 7.2 [68, 75]
9. MAPDI3 1.55 ~1.4 x 10° 400 - 800 nm 2.6 7.5 [68, 71]
10. | FAPbBr3 2.2 1.7 x 10° at | 560 nm (Visible) 2.3 20 [71]
22eV
I1. | CsSnBr3 0.614 ~10° at ~1.75 | ~400-800 nm range. | - High [72]
eV Peak at ~700 nm
12. | LiNbO3 (0 | 3.542 ~10° at ~4.8 | ~200-320 nm range. | 2.3 53 at 0| [73]
GPa) eV Peak at ~260 nm eV,

13. | C4N2H14 | 2.93 ~10° at ~2.93 | ~350-550 nm range. - - [74]
PbBr4 eV Peak at ~475 nm

14. | CAN2H14 | 3.1 ~9x10* at | ~300-500 nm range. - - [74]
PbCl4 ~3.1eV Peak at ~420 nm

15. | C5SH16N2 | 2.85 ~8x10* at | ~350-600 nm range. - - [74]
Pb2Br6 ~2.85eV Peak at ~500 nm

16. | CsPbI3 1.73 ~10° at ~1.73 | ~400-780 nm range. - - [75]
eV Peak at ~720 nm

17. | FAPDbI3 1.45 ~10° at ~1.45 | ~400-900 nm range. - Enhanced | [75]
eV Peak at ~830

The Md. Moazzem Hossain et al. [67] investigates the structural, elastic, electrical, and optical

properties of LiNbO:s utilizing Density Functional Theory (DFT). It has been concluded in the
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work that with a 3.54 eV band gap, high mechanical stability, and strong optical response,
LiNbO: is ideal for nonlinear optics, electro-optic modulators, and photonics. LiNbOs shows
strong absorption starting at ~3.40 eV with a peak at 6.02 eV, but its large bandgap limits visible
light absorption, restricting its effectiveness for optoelectronic applications. In the review
conducted, Liu ef al. [76] investigated the exceptional photoelectric efficiency, elevated carrier
mobility, and robust light absorption of various perovskite materials, thereby advancing solar
cells, LEDs, visible light communication (VLC), and optical memristors. They emphasized the
perovskite-based neuromorphic computing, encryption, and resistive switching devices,

demonstrating significant potential in optoelectronics and artificial intelligence applications.

Benrekia ef al. [64] utilized DFT and GW approximation to study the structural, electrical,
vibrational, and optical characteristics of cubic SrTiOs and KTaOs. They predicted lattice
parameters, bulk modulus, and elastic constants accurately, matching experimental results. The
band structure study showed indirect band gaps of 3.82 eV (SrTiOs) and 3.57 eV (KTaOs).
Dielectric function analysis revealed interband transitions, including absorption peaks at 4.12
eV (SrTiOs) and 4.32 eV (KTaOs), mostly in the UV range. In many researchers, as illustrated
above, the oxide perovskites are examined for their stability, ferroelectricity, superconductivity,
and photocatalytic characteristics, rendering them advantageous in energy, electronics, and

photonics.

Nonetheless, their substantial bandgap and minimal apparent absorption constrain their
efficacy in solar cells and optoelectronics, necessitating bandgap engineering and defect
modulation to enhance performance. Further, researchers investigate halide perovskites for
optoelectronic applications owing to their low bandgap and robust visible light absorption,
rendering them exceptionally efficient for light-harvesting purposes. Their absorption
coefficients (~10° cm™) provide robust absorption in the visible band from 400 to 800 nm,
encompassing the majority of the solar spectrum. This improves charge transfer and exciton
dissociation, rendering them optimal for solar cells, LEDs, lasers, and photodetectors. Their
adjustable bandgaps (1.2-2.3 eV) and solution processability facilitate the development of cost-
effective, adaptable, and high-performance optoelectronic devices. Kholil ef al. [72] examine
the structural, optical, electrical, and mechanical properties of pristine CsSnBr; for
optoelectronic applications. CsSnBrs exhibits a cubic perovskite structure characterized by a
lattice value of 5.881 A with a direct bandgap of 0.614 eV (DFT) and an experimental bandgap

of 1.75 eV, rendering it appropriate for light absorption. The material demonstrates modest
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absorption of visible light but possesses diminished conductivity, restricting its direct

application in high-performance optoelectronic devices.

Rahaman et al. [74] investigated the optical characteristics of 1D molecular metal halides
CaN2H14PbBrs, CiN:H1sPbCls, and CsHisN2Pb:Brs and found their potential use in
optoelectronics. It is reported that these materials absorb strongly in the visible range and had
bandgap tunability adjusted by metal halide octahedra's corner-sharing, edge-sharing, and face-
sharing configurations. The presence of self-trapped excitons (STEs) in these perovskites,
resulting from strong electron—phonon coupling and structural distortions, contributes to

broadband photoluminescence (PL) emissions, ranging from blue to yellow.

The Sharif et al. [75] reviewed the current progress and advancement in perovskite solar cells.
The study analyzes the optical properties of MAPbIs, CsPbls, and FAPbIs, investigating their
absorption and charge transfer efficiency. The MAPbI:; (1.53 eV) exhibits significant
absorption (~550 nm) over 400-850 nm, while the CsPbls (1.73 eV) exhibits stable absorption
(~530 nm) but lower near-FAPbIs (1.45 eV) is suited for high-efficiency solar cells due to its
broad absorbance (400-900 nm) and increased charge transport. The findings show that cation

tweaking optimizes perovskite performance.

The above review highlights the significant potential of oxide and halide perovskites in
optoelectronics, photovoltaics, and nonlinear optics. Oxide perovskites, like LiNbOs and
SrTiOs, offer high stability and strong optical responses but suffer from limited visible light
absorption. In contrast, halide perovskites excel in light harvesting due to their tunable
bandgaps and high absorption coefficients, making them ideal for solar cells, LEDs, and
photodetectors. Despite their promise, challenges like stability and efficiency persist, requiring
further research in bandgap engineering and material optimization for enhanced performance

in energy and electronic applications.

2.6 ASSESSING MATERIAL CHARACTERISTICS

The Hohenberg-Kohn theorems and Kohn-Sham equations created a revolution in the field of
Density Functional Theory (DFT) by facilitating the researchers to efficiently predict various
electronic and optical properties of materials [78-80]. In the past decades, there has been a
transition from the conventional experimental framework to a DFT-based theoretical setup for
identifying materials for various applications [35, 63, 64, 70, 73, 77, 80]. This transition is

supported by the discovery of exchange-correlation (XC) functionals and computer methods
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utilized in performing the DFT computations [78]. Initially, Local Density Approximation
(LDA) was utilized as XC for the calculations; however, its accuracy limits its utilization [81,
82]. Nevertheless, the discovery of Generalized Gradient Approximation (GGA), hybrid
functionals, and many-body corrections (e.g., GW) has drastically improved the predictive
efficacy of the DFT framework [77, 79, 80, 83]. It is necessary to calculate electronic properties
like bandgap accurately for designing the novel materials for photovoltaic and optoelectronic

applications.
2.6.1 BANDGAP CALCULATIONS OF MATERIALS

The DFT method has been extensively employed to determine the electronic structural
characteristics of molecules and nanostructured materials. The optical properties of large
nanoparticles are typically calculated by solving the classical Maxwell equations through Mie
theory, the discrete dipole approximation (DDA), or the finite difference time domain
technique. Numerous authors have indicated that when particle sizes fall below 5 to 10 nm or
when the interstitial distance between two nanoparticles approaches the sub-nanometer scale,
quantum mechanical effects predominate, rendering classical treatments of these nanoparticles

ineffective.

In these cases, DFT has been widely utilized to calculate the properties of materials. It is evident
from the past studies that DFT has played a pivotal role in the field of material science towards
achieving experimental precision with improvements in exchange-correlation (XC)
functionals. In the initial time of DFT, the LDA was utilized as an exchange-correlation
functional [78, 82-84]. Though the inception of LDA was groundbreaking in the field of
computational science, the estimation of the bandgap by LDA motivated researchers to
discover new and accurate exchange correlation functionals [84], [85]. The authors evaluate
the reliability of DFT-based Local Density Approximation (LDA) computations in comparison
to Empirical Tight Binding (ETB) and Empirical Pseudopotential (EPS) approaches.

DFT simulations indicate that the bandgap in Si nanoclusters increases with size due to
confinement, with LDA underestimating the bandgap by approximately 0.6 eV, necessitating
quasiparticle corrections such as the GW approximation. LDA simulations for hydrogen-
terminated Si nanoclusters indicate a bandgap of approximately 2.1 eV for 3 nm clusters, which
is inferior to the experimental values of around 2.9 eV. Due to DFT’s limitations in accurately

predicting bandgaps due to self-energy errors and lack of excitonic effects, requiring GW
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corrections for precise optical property estimations. Kang and Hybertsen (2010) employ DFT-
LDA to compute the bandgaps of TiO-, forecasting 2.08 eV for rutile and 1.75 eV for anatase,
which considerably underrepresents the observed results. GW corrections enhance accuracy to
3.38 eV for rutile and 3.56 eV for anatase, consistent with experimental values (~3.3 eV) [86].
BSE indicates an exciton binding energy of approximately 0.13 eV, above the experimental

value of around 0.03 eV.

Table 2.3 Benchmarking DFT Bandgap Predictions.

Bandgap Theoretical (eV) Bandgap
Experimental

Year | Material LDA GGA HSE (eV) Reference

2001 | ScN 1.58 0.85 - 1.6 [87, 88]
YN 1.09 1.15 - -

2012 | ScN 0.79 0.88 - 0.9 [89]

2014 | ZnS (Wurtzite) 2.32 2.46 - 391 [98]

2016 | CdTe (Zinc Blende) 0.51 0.56 1.46 1.44 [99]
HC(NH2)2PbI3 (FAPI) 1.283 1.368 2.886 1.55

2017 | CH3NH3PbI3 (MAPI) 1.321 1.401 2.448 1.6 [90]
CH3NH3PbI3 (MAPI) - 1.57 2.17 1.6

2018 | HC(NH2)2PbI3 (FAPI) - 1.48 2.14 1.55 [91]
AlAs 1.43 1.52 - 2.23

2019 | BAs 1.45 1.55 - 2.28 [92]

2019 | LiFePO4 - - 3.6 6.34 [93]

2019 | FePO4 - - 2.1 3.2 [93]

2021 | CH3NH3PbI3 (MAPI) 1.321 1.401 2.448 1.6 [94]

2021 | ZnO 0.79 0.83 2.46 34 [95]

2021 | ZnO 0.79 0.83 2.46 34 [96]

2022 | Zn-doped MgO - 3.94 - 4.02 [97]
BaTiO3 2 2.5 35 34 [100]
CaTiO3 23 2.8 3.7 3.6

2022 | PbTiO3 1.8 2.2 3.1 3

2024 | SrTiO3 1.9 1.73 3.25 3.25 [101]

Kabita et al. [99] employed DFT utilizing LDA, GGA, and mBJ to investigate the bandgap and
optical characteristics of CdTe. LDA/GGA underestimated band gaps, but mBJ yielded 1.46
eV, closely aligning with experimental results. The mBJ-GGA exchange correlation is

employed to accurately characterize the electronic structure. Derkaoui et al. [101] examined
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the cubic phase of SrTiOs utilizing density functional theory (DFT) with generalized gradient
approximation (GGA/PBE), local density approximation (LDA), and the Coulomb interaction
correction (Hubbard U). LDA/GGA underestimated bandgaps (1.73-1.90 eV), whereas
DFT+U adjusted them to align with experimental values (3.20-3.25 eV). The optical qualities

were contingent upon modifications in the electrical structure.

Hernandez-Haro ef al. [91] evaluated DFT functionals for the bandgaps of organic-inorganic
perovskites. It has been reported that the LDA/GGA underestimated band gaps, but hybrid
methods (HSE06, B3LYP) enhanced accuracy. It is also observed in the work that PBE and
RPBE exhibit a compromise between accuracy and computational expense. Spin-orbit
coupling and dispersion corrections influenced electronic structures. NAO-based computations

surpassed plane-wave pseudopotentials.

Pela and colleagues utilized DFT (LDA, LDA-1/2, mBJ, HSE06) for InAIN nanorods. LDA
underestimated bandgaps, but mBJ and HSE06 enhanced accuracy [102]. The optical
properties, such as dielectric function and refractive index, were well predicted by HSE06 and
mBJ, closely aligning with the results of the Bethe-Salpeter equation (BSE).
Li et al. [100] employed DFT (LDA/GGA) and machine learning to analyze the bandgaps of
oxide perovskites. LDA/GGA underestimated band gaps by around 1.5 eV. HSE06 enhanced
predictions, incorporating 1 eV adjustment from valence band downshift and 0.5 eV adjustment
from conduction band uplift. Machine learning adjusted DFT-GGA bandgaps with an

inaccuracy of 0.16 eV.

The detail of the work done on calculations of bandgap using DFT with different exchange
correlations is tabulated in Table 2.3. Each work underscores the shortcomings of LDA/GGA
in predicting bandgap and optical properties, with enhancements observed from LDA and GGA
to HSE. The inaccuracies in GGA and LDA opened the scope for the hybrid functionals HSE06
(Heyd-Scuseria-Ernzerhof), which combine a portion of precise Hartree-Fock (HF) into the
computations. But the cost of accuracy with hybrid functional is in the form of computational
time. Further computational accuracy has been improved with the utilization of Meta-GGA

functionals and Tran-Blaha (TB09).
2.6.2 OPTICAL PROPERTIES OF MATERIALS

In the past few decades, DFT has also been adopted by the researchers as an essential tool for

forecasting the optical properties for understanding the light interaction of the materials.
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Various optical properties of materials, like absorption coefficient, dielectric constant, and
refractive index, are very significant in designing the material for various optoelectronic
applications such as solar cells, light-emitting diodes (LEDs), and photonic crystals. Although
the exchange correlation functional used in the initial days of DFT, i.e., LDA, faced many
accuracy issues in the prediction, the discovery of accurate exchange-correlation (XC)
functionals, many-body perturbation theories (e.g., GW), and machine learning (ML) allowed
DFT to predict accurate results. The absorption coefficient (o), an essential parameter in
optoelectronics and photovoltaics, measures the intensity with which a material absorbs light
at a specific wavelength. The precise forecasting of absorption is crucial for the development

of solar cells, photodetectors, and light-emitting devices.

In recent decades, Density Functional Theory (DFT) and its expansions have emerged as
essential instruments for estimating a, allowing researchers to connect theoretical predictions
with experimental findings. For the design and discovery of novel materials, the prediction of
dielectric constants and refractive indices is also essential along with the prediction of
absorption. The initial DFT methods like LDA underestimate the dielectric constants due to an
inadequate treatment of electron interactions. The underestimation is reduced in GGA and
further improved in hybrid functionals, such as HSE06. The refractive index, which is derived
from the dielectric constant (n = €), is enhanced by analogous methodologies. Anisotropic
materials, such as layered compounds, necessitate the use of meta-GGA functionals, including
SCAN or TB09, to accurately represent directional variations. The computational cost is

increased by adopting the higher-order exchange correlation functionals.

Kar et al. [70] employed OLCAO-MGGA-TB09+c and OLCAO-GGA-PBES + U under the
framework of density functional theory (DFT) for the calculations of optical absorption,
reflectance, refractive index, and dielectric function of LiNbOs. The reported bandgap was 3.79
eV, a little underestimated by LDA. Liu et al. [76] conducted DFT -calculations that
demonstrated significant light absorption, elevated photoluminescence quantum yield (PLQY),
and adjustable bandgaps in perovskite materials. It is concluded that the exchange-correlation
functionals influence optical transitions, with hybrid functionals such as HSE06 enhancing
precision. The research highlighted the applications of perovskites in visible light
communication, optical encryption, and neuromorphic computing. Alarab et al. [66] calculated
the optical absorption and dielectric characteristics of SrTiOs by utilizing DFT and XPS/UPS

methodologies. It is found in the work that the GGA underestimated the dielectric constant,
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whereas HSE06 and GW yielded superior estimates of the optical gap, consistent with

experimental ellipsometry results.

Table 2.4 Comparison of exchange correlation functionals of DFT.

XC Type Description Accuracy Computing
Functional cost
B3LYP Hybrid Provides  accurate  predictions  for | Moderate (better for | Moderate
geometrical, optoelectronic, and charge | organic molecules
transfer properties of organic dyes. than solids)

BHandHLYP | Hybrid Improves time-dependent DFT (TD-DFT) | High for molecules, | High
results for organic dyes due to higher | moderate for solids
Hartree-Fock exchange.

CAM- Range- Provides accurate optical properties, | High High
B3LYP separated | particularly for charge-transfer excitations.
hybrid
LC-0oPBE Range- Yields results comparable to experimental | High High
separated | optical data for organic dyes.
hybrid
PBE GGA Underestimates band gaps but combined | Low (severe | Low
with GW gives reliable optical properties. | underestimation of
band gaps)
HSE06 Hybrid Provides accurate band gaps for many | High High

materials, improving upon standard GGA.

mBJ Meta- Band gaps comparable to hybrid | High Moderate
GGA functionals like HSE06; good for optical
properties of solids.

It is found in all the studies that standard LDA/GGA underestimated bandgaps, altering optical
transitions. However, the meta-GGA and HSEO06 functionals enhanced the correlation with
experimental refractive indices and second-harmonic generation characteristics, crucial for
integrated optics. The challenge of maintaining the balance between computational cost and
accuracy is always faced by the researchers in predicting the properties of materials. The
compression of the accuracy and computational cost of different exchange correlations
available with DFT is tabulated in Table 2.4 [67]. In conclusion, DFT-based methods form the
foundation of contemporary computational investigations into the bandgap, absorption,
dielectric, and refractive properties. Progress in hybrid functionals, many-body corrections, and
machine learning-driven models persists in closing the gaps between theory and experiment.
These innovations facilitate the systematic design of advanced materials for energy, sensing,

and quantum technologies.
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2.7 DOPING FOR TUNING THE PROPERTIES OF MATERIALS

In the past few years, doping has proved itself a key method for tuning the properties of
perovskite, facilitating enhancement in their stability, bandgap, and optical absorption. Doping
halide and oxide perovskites is crucial for tailoring their bandgap, optical absorption, dielectric
properties, and stability for applications in solar cells, photodetectors, and photocatalysis. Due
to the incorporation of dopants at various sites of the perovskite lattice, the device performance
improves drastically for a variety of applications like emitting diodes (LEDs), photodetectors,
and solar cells. Doping is a crucial method for modifying the optoelectronic properties of
perovskite materials, facilitating improvements in their structural stability, optical emissions,

and electrical attributes.

It has been observed from the available literature that by meticulously selecting various dopants
with varying doping concentrations, the desired enhancements in the electronic and optical
properties are attained, hence broadening the utilization of perovskites in diverse optoelectronic
applications. For the optoelectronic applications, the absorption is desired in the lower energy
ranges or in the visible region. It is evident from the study that doping has proven itself as an
important technique for improving the visible region absorption of perovskite materials. This
ultimately results in the efficient utilization of the perovskites in the fabrication of
optoelectronic devices and solar cells. Due to the incorporation of dopants with optimum
doping concentration, the lattice structure of perovskite adjusts proficiently and results in an

enhancement in the visible region absorption.

The light-matter interaction and device performance of any material are directly influenced by
the refractive index. The doping can be utilized to effectively alter the refractive index, hence
improving the light interaction and optical properties. In many optoelectronic applications, the
elevated refractive index enhances the light trapping, reduces the losses, and increases the
absorption length. The changes in the refractive index can improve the optical efficiency and
increase the brightness of the materials. The halide doping is a widely used technique for
modulating the refractive index of perovskites. In optical properties, the dielectric constant is
considered an essential property of the material that decides the recombination losses and
charge separation. The improvement in the value of the dielectric constant directly impacts the
device's performance, energy conservation, and sensitivity. The past research on material
properties indicates that the introduction of any dopant in any perovskite enhances the value of

the dielectric constant, improves the ability to withstand electric fields, and reduces the
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recombination losses. The meticulous selection of dopant and doping concentration can
modulate the dielectric constant of perovskite for a variety of applications. Overall, doping
optimizes both halide and oxide perovskites, enhancing visible light absorption, bandgap
tunability, photoluminescence, and electronic properties, advancing their role in next-

generation optoelectronic and energy applications.
2.7.1 Tuning electronic and optical properties using doping

To examine the impact of doping the absorption, a study was published in 2014 by Joseph and
Venkateswaran et al. [103] performing the bandgap engineering in ZnO using doping with 3d
transition metal ions (Cr, Mn, Fe, Co, Ni) and investigating its effects on optical characteristics.
In the work, the doping-induced alterations in the bandgap were reported, with Cr, Fe, and Ni
resulting in a red shift, whereas Mn and Co-produced a blue shift. For the pure ZnO, the value
of the bandgap is reported to be 3.37 eV. However, due to the doping with Fe, it was reduced
to 2.09 eV, indicating a tunability. Figure 2 depicts the fluctuation in the bandgap of ZnO before
and after doping with Cr, Mn, Fe, Co, and Ni.

Bandgap (eV)

2.2 Before Doping
—m— After Doping
Cr Mn Fe Co Ni
Dopant

Fig. 2.3 Bandgap of ZnO before and after doping.

The unadulterated ZnO bandgap is consistently 3.37 eV, whereas doping induces considerable
alterations. Fe-doped ZnO exhibits a significant drop to 2.09 eV, signifying a pronounced red
shift into the visible spectrum. Doping with Mn and Co induces a blue shift, elevating the
bandgap to 3.42 eV and 3.52 eV, respectively. Doping with Cr and Ni induces a mild redshift.
This is due to the production of a single-phase ZnO structure due to dopants Mn and Co, while
dopants Cr, Fe, and Ni led to the formation of secondary phases such as ZnCr.04 and NiO. The
investigation on optical absorption indicates that there is a shift towards the visible spectrum
with dopants Cr and Ni. While Co and Mn exhibited a shift towards the ultraviolet spectrum.

These alterations are the result of sp-d exchange interactions, the Burstein-Moss effect, and
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polaronic interactions. The ability of bandgap and absorption alteration due to doping
advocates the enhanced utility of ZnO in optoelectronics, spintronics, and magneto-optical

systems. The variation of bandgap of ZnO on doping is illustrate in Fig. 2.3.

The research work conducted by Sheetal e al. [106] in 2014 investigates the optical
characteristics of Eu-doped CaZrOs phosphor, emphasizing its bandgap, absorption, and
luminescence. The pristine CaZrOs perovskite has significant UV absorption with a peak at
~279 nm, which shifts towards 576-656 nm with a strong red emission peak at 616 nm. After
doing so, the bandgap remains wide, signifying a small alteration in the electrical structure of
the CaZrOs perovskite. Before doping, the absorption is predominantly in the ultraviolet
spectrum, which changes to the visible spectrum, especially in the red region, after doping.
This transition arises from the electric dipole transition of Eu*" ions, enhancing
photoluminescence efficiency. The research verifies that Eu doping improves the optical
response without markedly altering the bandgap, which is appropriate for display technologies,
optical coatings, and LED phosphors. The material's stability and intense luminosity render it

a formidable prospect for next-generation red phosphors in optoelectronic applications.

Table 2.5 Tuning electronic properties of materials using doping.

Year | Perovskite Dopant(s) | Bandgap Bandgap (After | Applications Refere
Material (Before Doping) nces
Doping)
2011 | ZnO Cr, Mn, Fe, | 3.37 Cr: 296, Mn: | Optoelectronics, [103]
Co, Ni 342, Fe: 2.09, | Spintronics, Magneto-
Co: 3.52, Ni: 2.98 | optical Devices
2012 | CdS Cu 2.5 2.2 eV (Cu-doped | Solar Cells, Photodetectors | [104]
CdS)
2013 | TiO2 N, Ta (Co- | 3.2eV 2.72 eV Photocatalysis, [105]
(Anatase) doping) environmental pollutant
degradation
2014 | CaZrO3 Eu 4.5 Maintained with | Display devices, Optical [106]
red emission | materials
peaks
2015 | Mn-Fe co- | Mn, Fe 32eV Reduced Spintronics, optoelectronics | [107]
doped SrTiO3
2016 | SnS Thin | Al 1.31eV Decreases to 1.20 | Solar Cells, Thin-Film [108]
Films eV (2% Al-doped) | Photodetectors,
Photovoltaics
2017 | CsPbCls Ce*, Sm*, | ~3.0eV Increases due to | Optoelectronics, Light- [109]
Nanocrystals Eu®t, Tb, lattice contraction | Emitting Devices, Photonic
Dy?**, Er*, Materials
Yb3+
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2019 | Rh-doped Rh 32eV Reduced. Photocatalysis, hydrogen [110]
SrTiO3 production
2019 | Cu-doped Cu 1.812 eV 1.788 eV Photocatalysis, [111]
SrTiO3 optoelectronics
2019 | Zn-doped Zn 32eV 1.44 eV Optoelectronics [112]
SrTiO3
2020 | Subphthalocya | Various 249 eV Y1: 2.30 eV, Y2: | Organic photovoltaics [113]
nine (SubPc) | acceptor 2.56 eV, Y3: 2.12
Derivatives groups eV,Y4:2.28 eV
(A1-A4)
2020 | Fe-doped CdS | Iron (Fe) 242 eV 2.47 eV (Spin up), | Solar cells, optoelectronics, | [114]
Nanostructure 0.5 eV (Spin | spintronics
down)
2020 | CdS Sc, Ti, V,|242¢eV Sc: 2.38 eV, Ti: | Photovoltaics, [115]
Cr, Mn 2.52 eV, V: 2.31 | photodetectors
eV, Cr: 2.39 eV,
Mn: 2.24 eV
2020 | Monodoped Mn, N|32eV MnTiNO:  1.94 | Photocatalysis, water [116]
and Codoped | (codoped) eV, MnSrNO: | splitting
SrTiO3 234 eV
2020 | SrTiO3 Ru 32eV Extended Photocatalysis, hydrogen [117]
absorption up to | production
750 nm
2020 | Eu-doped Eu3+ 3.8¢eV Reduced Optoelectronic devices, [118]
LiNbO3 photonics
2021 | Zn-Doped Mn 2.31eV 2.08 eV Photodetectors, light- [120]
CsPbBr3 emitting devices
2021 | Fe203 Rh 2.1eV 1.8 eV PEC water splitting [121]
2021 | Nb-doped Nb 32eV Reduced Transparent conductive [122]
SrTiO3 materials, photocatalysis
2023 | Al-Doped Al 3.38¢eV 3.18 eV Perovskite solar cells, [124]
Titania photoactive textiles
2023 | Anatase TiO2 | AuandN | 3.09¢eV 2.78 eV (Au), | Photocatalysis, water [125]
1.71 eV (Au-N) splitting
2024 | Bi20O3 Zn 3.96 eV 2.79 eV Optoelectronic devices, [126]
solar cells

Kafashan ef al. [108] in 2016 attempted to investigate the structural and optical impacts of
aluminum doping on tin sulfide thin films, which were deposited using electrodeposition on
fluorine-doped tin oxide substrates. The work conducted aimed to improve the characteristics
of the material for solar cell and optoelectronic applications. The pristine SnS exhibits a direct
bandgap of 1.31 eV, which lessened to 1.20 eV due to the doping of Al at the Sn site. X-ray
diffraction (XRD) examination verified that the films maintained a polycrystalline

orthorhombic structure, exhibiting enhanced crystallinity attributed to superior Sn vacancy
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filling. Photoluminescence (PL) spectra exhibited a red shift with increased Al concentration,

signifying alterations in the electronic structure. The UV-Vis absorption spectra indicated

increased absorption in the visible spectrum (450—700 nm), with an absorption coefficient

above 10* cm™, illustrating effective light-harvesting efficiency. Scanning electron microscopy

(SEM) demonstrated a reduction in grain size and enhanced surface uniformity with elevated

Al concentration.

Table 2.6 Tuning optical properties of materials using doping.

Year | Perovskite | Dopant | Absorption Absorption After | Effect on Visible Referen
Before Doping Region Absorption ces
Doping
2011 | ZnO Cr, Mn, | Cr:Red, Mn: | Cr: 720-525 nm; Cr, Fe, Ni: Toward [103]
Fe, Co, | Blue, Fe: Mn: No distinct Visible; Mn, Co: Toward
Ni Red, Co: peaks; Fe: No UV. Cr: 525-720, Mn:
Blue, Ni: Red | distinct peaks; Co: | No shift, Fe: No shift,
~640-530 nm; Ni: Co: 530-640, Ni: 515-
585-515 nm 585
2012 | CdS Cu UV Region Shift toward visible | Enhanced absorption in [104]
(~300-500 region. ~550 nm visible range. Shift
nm) toward visible region
(500-550 nm)
2013 | TiO2 N, Ta UV region Red-shifted into Improved band [105]
(Anatase) (Co- visible light 457.6 | alignment, enhanced
doping) nm photocatalytic efficiency.
Enhanced photocatalytic
activity
2014 | CaZrO3 Eu UV region Strong red Strong red luminescence | [106]
emission at 616 due to Eu doping
nm. 576-656 nm
(red emission at
616 nm)
2015 | Mn-Fe co- | Mn, Fe | UV range Extended into Ferrimagnetic behavior, [107]
doped visible region (Red | enhanced extinction
SrTiO3 shift). 450-650 nm | coefficient. Improved
magnetic and optical
properties
2016 | SnS Thin Al UV-Visible Higher absorption | Increased absorption, red | [108]
Films (~400-600 in visible, extended | shift observed in
nm) absorption (~450- photoluminescence (PL)
700 nm) spectra
2017 | CsPbCls Ce*, UV-Visible Enhanced Increased emission [109]
Nanocrysta | Sm**, (~270-420 emissions from efficiency, high
Is Eu*, nm) visible to near- photoluminescence
Tb*, infrared (NIR), quantum yield (QY)
Dy*, specific peaks for
Er*, each lanthanide
Yb3+
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2019 | Rh-doped Rh UV region. Extended into Enhanced water splitting | [110]
SrTiO3 Peak at 387 visible region (red | efficiency. Z-scheme
nm shift). 500-700 nm | water splitting, high
dispersibility
2019 | Cu-doped Cu UV region Visible light Enhanced photocatalytic | [111]
SrTiO3 absorption activity and photo-
improved (red conductivity. enhanced
shift). 420-550 nm | electron-hole
recombination
2019 | Zn-doped Zn UV range Significant red Improved optoelectronic | [112]
SrTiO3 shift observed with | properties, better
peak at 860 nm conductivity
2020 | Subphthalo | Various | Visible region | Enhanced Higher efficiency in [113]
cyanine acceptor absorption in solar cells. Better charge
(SubPc) groups visible region. transfer, increased dipole
Derivatives | (Al- moments
A4)
2020 | Fe-doped Iron UV-visible Enhanced Semiconducting nature, [114]
CdS (Fe) region (512.4 | absorption in spin-polarized band
Nanostruct nm) (409.92 - | visible range structure, improved
ure 512.4 nm) (502.02 nm) optoelectronic properties
(401.62 - 502.02
nm)
2020 | CdS Sc, Ti, UV range Enhanced visible Improved photocatalytic | [115]
V, Cr, absorption. 550- and optoelectronic
Mn 750 nm properties
2020 | Monodope | Mn, N UV range Extended Enhanced charge carrier | [116]
d and (codope absorption in mobility and
Codoped d) visible light. photocatalytic efficiency.
SrTiO3 MnTiNO: 640 nm, | Suppressed
MnSrNO: 530 nm recombination, better
stability
2020 | SrTiO3 Ru UV range Visible light Drastically improved [117]
(380 nm) absorption up to photocatalytic activity
750 nm
2020 | Eu-doped Eu3+ UV range Enhanced red Increased remnant [118]
LiNbO3 (326 nm) emission observed. | polarization, enhanced
600-700 nm optical properties
2021 | ZnO Thin Al Peaks in UV | Extended into Increased intensity, [131]
Films region (280- | visible region (350- | higher
350 nm). 600 nm). Extended | photoconductivity.
Peak at 350 to 420 nm Redshift observed, better
nm UV detector response
2021 | Zn-Doped | Mn Peaks in UV | Significant Increased dielectric [120]
CsPbBr3 region, weak | redshift. Peak shift | function, improved
visible to 470 nm. photoluminescence
absorption Enhanced properties
(300-400 absorption in
nm). Peak at | visible range (400-
400 nm 700 nm).
2021 | Fe203 Rh 500-700 nm 600-900 nm Increased absorption, [121]

better photocurrent
response
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2021 | Nb-doped Nb UV region Improved visible Enhanced photocatalytic | [122]
SrTiO3 light absorption. efficiency. n-type
400-600 nm conductivity, bandgap
narrowing
2023 | Al-Doped Al UV region (< | Shift to 450 nm. Enhanced efficiency in [124]
Titania 400 nm). Shifted towards perovskite solar cells.
Peak at 380 visible range (400- | Higher thermal stability,
nm 700 nm) improved conductivity,
better charge transport
2023 | Anatase Gold UV region Enhanced visible Enhanced water splitting | [125]
TiO2 (Au) light absorption efficiency, reduced
and (446.04 nm) electron-hole
Nitroge (356.83 - 446.04 recombination
n (N) nm)
2024 | Bi203 Zn Peak at 320 Extended into Higher electrical [126]
nm (UV visible region, peak | conductivity, enhanced
region) shift to 450 nm. photocatalytic efficiency
Red shift observed

Gillani et al. [112] in 2019 executed the first-principles computation by utilizing density
functional theory (DFT) to examine the structural, electrical, optical, and thermal
characteristics of Zn-doped SrTiOs (STO). The work demonstrates that doing the STO with Zn
decreases the ionic radii between Zn and Sr and ultimately reduces the unit volume. The wide
bandgap of STO is 3.20 eV, which narrowed down to 1.443 eV due to Zn doping. The optical
characteristics exhibited a red shift in the absorption spectrum, signifying increased visible
light absorption. The values of dielectric constant and refractive index are also calculated and
found to be increased due to doping. The research also demonstrated alterations in energy loss
function and reflectivity spectra, indicating enhanced optical responsiveness. The observation
of the research indicates that Zn-doped STO is a potential material for optoelectronic

applications, such as photocatalysis, thermoelectrics, and energy storage devices.

Recent studies have advanced perovskite and oxide materials for applications in solar cells,
photodetectors, and photocatalysis, building on prior research in bandgap engineering and the
enhancement of optical properties. Table 2.6 illustrates the summary of the work conducted on
tuning the electronic and optical properties of various materials for optoelectronic applications
using doping. In the recent works, Doni Pon et al. [131] in 2021 demonstrated Al-doped ZnO
thin films and reported the drop in the bandgap from 3.26 eV to 3.08 eV, with absorption
shifting from the ultraviolet region (280-350 nm) to the visible spectrum (350-600 nm),
peaking at 420 nm. Similarly, Su ez al. [120] in 2021 doped the CsPbBrs perovskite with an Mn
atom and observed the lessening of the bandgap from 2.31 eV to 2.08 eV, with absorption
extending from 400 nm to 470 nm within the visible spectrum (400-700 nm). The
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improvements in the dielectric function and photoluminescence are also observed, which is

advantageous for light-emitting devices.

Au-doped TiO: (Kanoun et al. [125] in 2023 and Nair et al. [123] in 2022) demonstrates a
narrowing of the bandgap from 3.09 eV to 2.78 eV, which eventually results in a shift in
absorption from ultraviolet (<400 nm) to visible light (400-700 nm). Due to Au doping on TiOx,
markedly improves the charge separation, dielectric constant, and photocatalytic effectiveness
for water splitting. A similar kind of effect has been reported by Alsulami et al. [124] in 2023

when doing the same base material TiO2 with Al.

Recently, Khan et al. [126] in 2024 doped the Bi-Os with zinc and experienced a reduction in
bandgap from 3.96 eV to 2.79 eV, accompanied by a shift in the UV absorption peak from 320
nm to 450 nm, resulting in enhanced electrical conductivity, improved dielectric properties,
and increased photocatalytic efficiency. The investigations listed in this section indicate that
doping can augment the dielectric constant and relocate optical absorption into the visible
spectrum, which is essential for next-generation renewable energy and optoelectronic
applications. Further, improvement observed in the refractive index and dielectric
characteristics due to doping can support improving the light-harvesting efficiency and charge
transfer, illustrating the ongoing development of doped functional materials for more efficient

and reliable energy solutions.
2.7.2 Impact of doping concentration on properties of materials

In this section, the attempt is made to collectively examine the impact of doping concentration
on the optical and electronic characteristics of a variety of materials. The focus is to analyze
and review the choice of dopants and their concentrations to significantly alter the properties,
hence impacting their possible utilization. The summary on the impact of doping of varying
concentration on the bandgap and absorption of a variety of materials is tabulated in Table 2.7.
The work accomplished by Lu Yao et al. [127] evaluates the Ca doping on the properties of
BiFeOs. The impact of increasing the concentration of Ca from 0% to 20% is also evaluated.
It has been reported that increasing the concentration of Ca from 0% to 20% results in widening
of the bandgap from 2.18 eV to 2.36 eV. This increase is attributed to lattice distortion and
modifications in the electronic structure, which limit defect states and enhance energy
separation between conduction and valence bands. The widening of the bandgap is linked with

the observed shift in the absorption towards low wavelengths (blue shift). This shift is the
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demonstration of the reduction in the absorption of the visible light. Additionally, the refractive

index decreases with increasing Ca concentration, primarily due to the reduction in grain size,

which alters light propagation and material transparency.

Table 2.7 Optical properties variation due to doping concentration.

Material | Dopant | Doping Bandgap | Bandgap after | Optical & | References
percentage | before doping Dielectric
doping Properties
BiFeO3 | Ca 0.00, 0.05, | 2.18¢eV 2.18 eV (0.00), | Visible region | [127]
0.10, 0.15, 2.19 eV (0.05), | (~570 nm). Ca
0.20 2.23 eV (0.10), | doping shifts
2.35 eV (0.15), | absorption to lower
2.36 ¢V (0.20) wavelengths.
SrTiO3 La 5,15,25 32eV 3.33eV (5%), 3.45 | Near UV (~387 | [128]
eV (15%), 3.53 eV | nm). La doping
(25%) reduces visible
light absorption.
TiO2 Cr 3,6,9,12 3.16 eV 1.90 eV (3%), 1.63 | Enhanced visible | [129]
eV (6%), 1.57 eV | light
(9%), 143 eV
(12%)
SrTiO3 Rh 1,2.5,5,7.5, | 3.2¢eV No significant | Strong absorption | [130]
10 change for x 4% | in visible range,
0.05, decreases for | additional peaks at
x> 0.05 580 nm due to Rh
states.
ZnO Al 0,1,3 3.35eV 3.18 eV (1%), 3.31 | Enhanced UV | [131]
eV (3%) absorption,
bandgap narrowing
with Al doping.
ZnO Mo 0, 3.125, | 3.37 eV Varies with Mo | Increased with Mo | [132]
6.25,12.5 concentration, doping,
shows  Burstein- | transmittance
Moss shift decreased.
SrTiO3 v 0.5,1.0,1.5, | 32eV 2.7eV (0.5%),2.54 | Visible light | [133]
2.0 eV (1.0%),2.29 eV | extension with V
(1.5%), 2.13 eV | doping, strong
(2.0%) photocatalytic
activity.

Similarly, Miri Choi ef al. [128] investigated the impact of La doping on SrTiOs, emphasizing
how increasing the intensity of doping influences the electronic and optical properties. A

significant observation was the bandgap increase from 3.2 eV to 3.53 eV, a phenomenon
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explained by the Burstein-Moss effect. In this effect, the introduction of excess charge carriers
(due to La doping) shifts the Fermi level, making electronic transitions require more energy,
thus widening the bandgap. The increase in the bandgap shifts the absorption edges towards
shorter wavelengths, reducing visible light absorption (blue shift). The values of the dielectric
constant also change due to the increase of the doping concentration and modify the
polarization behavior and the ability of the material to store electrical energy. These effects
suggest that La doping provides a mechanism to tune SrTiOs for applications in transparent

conductive oxides and optoelectronic devices.

Contrarily, the V. R. Akshay et al. [129] investigated the Cr-doped TiO2, which shows a
decrease in bandgap with an increase in the concentration of Cr. The bandgap is reduced from
3.16 eV to 1.43 eV for the doping concentration of 3% to 12%. The decrease is due to the
formation of intermediate states within the bandgap caused by Cr doping, facilitating the
improved absorption in the visible range. The improvement in the visible region absorption

makes it suitable for photocatalysis applications.

Further, Borbala Kiss ef al. [130] examined the Rh-doped SrTiOs for visible-light-driven
photocatalysis by altering the concentration of Rh. Contrasting with the findings of the previous
works, where the bandgap linearly changes with the doping concentration, here, the changes in
properties are a nonlinear function of the Rh concentration. For the Rh concentration less than
5%, the bandgap remains unaffected and starts decreasing for the Rh concentration greater than
5%. For Rh concentrations greater than 5%, the visible region absorption is improved along
with improvement in the dielectric constant. Additionally, improvements in the refractive index
were also reported, which highlights the potential applicability of Rh-doped SrTiOs in

environmental applications such as water purification and organic pollutant degradation.

Recent studies by Doni Pon ef al. [131] in 202, Li et al. [132] in 2020, and Bantawala et al.
[133] in 2020 have systematically explored how dopant type and concentration influence the
bandgap, optical absorption, dielectric behavior, and refractive index in ZnO and SrTiOs-based
materials, revealing doping-dependent trends that govern material performance [119]. Doni
Pon et al. [131] investigated the Al-doped ZnO thin films for ultraviolet photodetector
applications, produced using nebulizer spray pyrolysis. Doping with aluminum altered the
bandgap, initially reducing it from 3.35 eV to 3.18 eV (1% Al) before increasing to 3.31 eV

(3% Al). This fluctuation indicates that modest doping improves carrier mobility, whereas
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severe doping leads to defect-induced dispersion. The absorption edge migrated into the

ultraviolet area, enhancing photoresponsivity.

Bantawala et al. [133] investigated V-doped SrTiOs, finding that an increase in V doping
decreased the bandgap from 3.16 eV to 2.13 eV (2% V), hence enhancing visible-light
absorption, charge mobility, and photocatalytic efficacy. Collectively, the work tabulated in
Table 2.7 and illustrated above investigates the influence of doping concentration on the
engineering of the material properties. The correlation of the dopant concentration and type
with the tuned properties may be beneficial for finding novel materials for a variety of
applications. Further, the doping concentration and type may be utilized with other techniques
like defect engineering and co-doping to further optimize the materials for advanced

optoelectronic and photocatalytic applications.
2.8. STRAIN FOR TUNING THE PROPERTIES OF MATERIALS

The progress in the discovery of next-generation novel materials for various applications
depends on the ability to control the electronic and optical properties of the existing materials
using some external factors. Among the available techniques for tuning the properties of
materials, strain engineering has evolved as a potent and flexible technique for modulating the
properties by changing the atomic structure and carrier dynamics. On the application of
mechanical strain, either tensile or compressive, the properties like band gaps, charge carrier
mobility, optical absorption, and emission characteristics can be fine-tuned without impacting
the chemical makeup of the material. In the past few years, researchers have investigated a
range of materials, including semiconductors, two-dimensional (2D) materials, perovskites,

and complex oxides for strain-induced changes.

The strain can drastically impact the bandgap and exciton binding energy, particularly of
transition metal dichalcogenides (TMDs) for applications in flexible electronics and strain
sensors. Similarly, in the past, strain tuning has been extensively used with perovskites to
improve the photovoltaic and light-emitting characteristics, hence improving the solar cell
efficiency. This section of the review illustrates a thorough review of the recent computational
and experimental developments in strain engineering for improvement of the electrical and
optical characteristics. Further, the impact of the type and intensity of the strain on the optical

and electronic properties of the material is also reviewed in detail.
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2.8.1 Electronic and optical property modulation using strain

Strain engineering has become a critical approach in the past many years to modify the band
structure, optical response, and electrical transport characteristics of materials. In the studies
conducted on strain, Mohan et al. [136] investigated the impact of strain on silicene for
enhancements in electrical and optical characteristics. Silicene has a zero bandgap without
strain; nevertheless, at a uniaxial tensile strain of 4%, a bandgap is found at 75 meV, and a
compressive strain of up to 6% increases the bandgap to 389 meV. This indicates a shift in the
nature of silicene from a Dirac semimetal to a tunable semiconductor due to strain. Experiments
conducted for the calculations of optical absorption indicated that absorption initially peaked
at 1.8 eV (~689 nm, red light) and shifted toward longer wavelengths (redshift) under tensile
strain, but compressive strain resulted in a blueshift, elevating the absorption peak to higher
energy. These findings indicate the potential utilization of silicene for transistors and
optoelectronic applications. The work performed to examine the impact of doping on electronic

and optical properties of materials is illustrated in Table 2.8.

In perovskites, Miri Choi et al. [128] investigated the strain-dependent alterations in carrier
mobility and optical absorbance of La-doped SrTiOs thin film. The measured bandgap of La-
doped SrTiOs is 3.30 eV without strain, whereas tensile strain lessened it by changing the
electronic state, causing the absorption edge to shift from 375 nm (ultraviolet region) to longer
wavelengths (redshift). In a similar vein, Shengxue Yang et al. [137] investigated the ReSe:
monolayer, indicating that tensile strain reduces the bandgap from 1.36 eV to 1.28 eV at +4%
strain, resulting in a shift in absorbance from 910 nm (near-IR) to 970 nm. The findings of the
work conducted demonstrated noticeable polarization-dependent  optoelectronic
characteristics, which are advantageous for infrared photodetectors. Likewise, Hao Huan et al.
[140] analyzed the nanowire of cadmium selenide and observed bandgap modulation upon
applied strain. The bandgap reduced from 3.30 eV to 3.15 eV with +6% tensile strain, whereas
-6% compressive strain resulted in a minor reduction in bandgap to 3.27 eV. The absorbance
originally reached a maximum at 4.99 eV (~248 nm, deep UV), then red-shifting to 4.69 eV

(~264 nm) under tensile strain.

Further, Jose Angel Silva-Guillén et al. [142] applied 10% tensile strain and compressive strain
on monolayer TiSs. The bandgap of TiSs is 1.12 eV (HSE06 corrected), which increases on
application of 10% with tensile strain and reduces under compressive strain. The initial

absorption peak, located at 1.8 eV (~689 nm, red light), exhibited a blueshift under tensile
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strain and a redshift under compression, indicating its applicability in anisotropic

photodetectors. Monolayers of Janus Ga.SSe, investigated by Hamad Rahman Jappor ef al.

[144], demonstrated strain-dependent fluctuations in bandgap. The bandgap decreased from

2.04 eV to 1.42 eV under +6% strain and to 1.74 eV under -6% strain. Optical absorption,

initially in the visible spectrum (~608 nm, orange-red), transitioned to the near-infrared (~870

nm) with tensile strain, whereas compressive strain maintained its visible absorption

characteristics, rendering it appropriate for UV photodetectors. Tuan V. Vu et al. [149]

investigated WSSe bilayers, in which strain prompted a semiconductor-to-metal transition.

Table 2.8 Tuning electronic and optical properties of materials using strain.

Year | Material | Type and Bandg | Bandgap After Absorption Absorption After | Refere
Name Intensity ap (eV) for each Before Strain nces
of Strain Before | strain Strain (Wavelength
(eV) (Wavelength | Range) for each
Range) strain
2012 | CuAlO2 Biaxial 3.9 | -10.71% strain: 600-1600 nm | -10.71% strain: [135]
strain (- 3.6eV,+9.13% 650-1700 nm (Red-
10.71% to strain: 4.2 eV shift), +9.13%
9.13%) strain: 590-1500
nm (Blue-shift)
2013 | SrTiO3 Epitaxial 3.2 | Varies with La Near 387 nm | 350-410 nm [128]
strain doping and strain
2014 | Silicene Uniaxial & 0 | 4% strain: 0.075 | 317-10600 4% strain: 400-700 | [136]
Biaxial eV, 8% strain: nm nm (Red-shift), 8%
strain (4% 0.238 eV, 12% strain: 280-600 nm
to 16%) strain: 0.335 eV (Blue-shift)
2015 | ReSe2 Local 1.15 | Wrinkle-induced | ~1078 nm 1100-1250 nm [137]
Wrinkle strain: Red- (Red-shift)
Formation shifted bandgap
2016 | LaNiO3 Tensile & 1.5 | Tensile: 1.5eV (827 Tesnile: Shift to [138]
Compressi Reduction in nm) to 5.5 eV | longer wavelengths
ve Strain (- bandgap (225 nm) nm) Comresive:
2% to -7%) tendency, Peaks shift higher
Compressive:
Slight bandgap
widening
2016 | InN Tensile 0.909 | Tensile (+2%): 1.36 um Tensile (+2%): [139]
(2%, 0.926, Tensile (0.909 eV) 1.34 um (0.926
+6%), (+6%): 0.809, eV), Tensile
Compressi Compressive (- (+6%): 1.53 pm
ve (2%, - 2%): 0.829, (0.809 eV),
6%) Compressive (- Compressive (-
6%): 0.437 2%): 1.50 pm
(0.829 eV),
Compressive (-
6%): 2.83 um
(0.437 eV)
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2017 | CdSe Tensile 3.3 | Tensile (+6%): Peak at 4.99 Tensile (+6%): [140]
Nanowires | (+6%) and 3.15 and eV Redshifted to 4.69
(D12) Compressi Compressive (- eV and
ve (-6%) 6%): 3.27 Compressive (-
6%): Slight redshift
2019 | WS2 Uniaxial 1.2 | 0% strain: 1.2 1.2eV 1.94 eV (Initial), [141]
Tensile eV, 4% strain: 4% strain: 1.88 eV
Strain (0%- 1.0eV
4%)
2018 | TiS3 Compressi 1.12 | 0.246 eV (-1.5% | Absorption Absorption [142]
ve -1.5% strain), 1.12 eV peaks in near- | enhancement in
and Tensile (+1.5% strain) infrared (750- | near-IR (800-1200
+1.5% 1000 nm) nm) under
compressive strain
2019 | BeO Biaxial in- 10.6 | Varies with strain | High Shifts in absorption | [143]
plane strain (Exact values not | transparency | range, stronger UV
specified) in UV (100- absorption at ~250-
400 nm) and | 400 nm
visible (400-
700 nm)
regions
2019 | Ga2SSe Biaxial 2.04 | 2.04 eV (0% Absorption Compression [144]
strain -6% strain), decreases | begins at retains visible
to +6% gradually, direct | visible range | absorption (~450
bandgap at -2% (~450 nm), nm), tensile shifts
strain peak in UV peak to near IR
(~350 nm) (~850 nm)
2019 | PbI2 Uniaxial 2.476 | 2.476 eV (0% Strong Wider absorption [145]
strain -12% strain), increases | absorptionin | band, improved
to +12% with strain, exact | deep UV UV absorption in
values vary (below 300 250-350 nm range
nm)
2019 | Perovskite | Residual 1.55 | Varies with Absorption in | Shifts in [146]
tensile strain, reduced in | visible range | absorption,
strain tensile regions (400-800 enhanced in visible
gradient nm), peak at (~500-850 nm)
~600 nm
2019 | ZrSSe Biaxial 1.341 | Decreases with Strong Extended [147]
strain from strain, transitions | absorption in | absorption range,
-8% to to metallic at 7% | UV (100-400 | stronger absorption
+8% strain nm) and in UV (150-500
visible (~450- | nm)
700 nm)
2020 | C3N In-plane 0.4 Decreases under | Absorption in | Absorption peak [148]
and out-of- | (PBE), | strain, visible shifts towards IR
plane 1.05 semiconductor to | spectrum (~600-900 nm)
strains (HSEO | metal transition (~450-700 under tensile strain
6) nm), peak at
~500 nm
2020 | LiNbO3 External 3.542 | 3.542 eV to Absorption Red shift in [73]
pressure 2.905 eV as mainly in absorption edge,
from 0 GPa pressure deep UV increased
to 25 GPa increases (~250-400 absorption in UV
nm) (~200-500 nm)
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2020 | WSSe Biaxial Varies | Tunability under | Broad Transformation [149]
strain from | with strain, absorption from anisotropic to
-6% to stackin | semiconductor- from visible isotropic
+6% g metal transition (~450-750 absorption,
at compressive nm) to near- stronger near-IR
strain IR (~800- absorption (~850-
1000 nm) 1200 nm)
2022 | Phosphore | Mechanical | Varies | Non-monotonic Absorption Armchair ribbons [150]
ne bending with change with peaks depend | show blue shift
ribbon | curvature, on ribbon (~300-600 nm),
type reduced in type, initial zigzag ribbons
and armchair absorption in | show red shift
curvat | ribbons, visible range | (~600-900 nm)
ure increases in (~400-800
zigzag nm)
2023 | SnSe2/Mo | Biaxial 0.167 | Bandgap Strong UV- Enhanced UV [151]
Se2 strain from decreases under | Visible absorption (~250-
-10% to tensile strain, absorption 600 nm), red shift
+10% increases under (200-700 under tensile strain,
compressive nm), peak blue shift under
strain near 350 nm | compressive strain
2024 | VO2 Strain Insulat | Metallic Strong Increased near-IR [152]
engineering | ing transition occurs | absorption in | absorption (~1200-
from - phase | with increasing infrared 2000 nm),
0.71% to - | bandga | strain, reducing region enhanced optical
0.44% p bandgap to near | (~1000-1500 | switching
Zero nm) properties

Additionally, Zhu et al. [146] examined the impact of strain on perovskite solar cells, revealing
that strain improves power conversion efficiency (PCE) and adjusts the bandgap for optimal
carrier transport. The bandgap before the strain was 1.60 eV; however, following tensile strain
(+4%), it increases to 1.65 eV, and compressive strain (-4%) decreased it to 1.55 eV, indicating
a direct association between lattice deformation and modifications in band structure. Optical
absorption originally ranged from 350 nm (ultraviolet) to 750 nm (visible-red light), which
shifted to longer wavelengths (~800 nm, near-infrared) on application of tensile strain,
enhancing light absorption for solar energy harvesting. Conversely, compressive strain resulted
in a blueshift, promoting higher-energy absorption in the infrared region. The results
demonstrate that strain can boost efficiency in next-generation perovskite photovoltaics by

optimizing electronic band alignment and light absorption characteristics.

In perovskites, the oxide perovskite LiNbOs, examined by Gillani et al. [73], exhibited a
bandgap reduction from 3.54 eV to 2.90 eV under external pressure, resulting in a shift of the
absorption edge from 350 nm (ultraviolet) to 427 nm (violet-blue) [73]. These findings

demonstrate significant pressure-induced optical responses for nonlinear photonics. Overall,
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strain engineering is an effective method for altering band structure, optical absorption, and
carrier transport in materials like perovskites, transition metal dichalcogenides (TMDs), Janus
monolayers, and nanowires. Tensile strain decreases the bandgap and induces a redshift in
absorption, hence improving the efficacy of infrared photodetectors and solar cells.
Compressive strain increases the bandgap and induces a blueshift in absorption, enhancing
ultraviolet detection and optical coatings. Strain generates semiconductor-to-metal transitions,
shifts from direct to indirect bandgaps, and anisotropic optical absorption, facilitating
adjustable optoelectronic devices and polarization-sensitive photodetectors. Furthermore, it
improves dielectric characteristics and carrier mobility, which are essential for flexible

electronics and transparent conductors.
2.8.2 Impact of intensity of strain on optical properties

Strain intensity significantly influences the tuning of the electronic bandgap, optical
absorbance, and conductivity of materials. The impact of strain is nonlinear; lower strain values
(£2% to +4%) often induce minimal alterations in band structure, whereas greater strain values
(£6% and above) can result in substantial bandgap shifts, modifications to the absorption edge,
and potential semiconductor-to-metal transitions. Tensile strain typically reduces the bandgap,
resulting in a redshift in optical absorption, as observed in LaNiOs at +7% strain, where the

interband transition energy diminished from 1.5 eV to 0.84 eV [138§].

Conversely, compressive strain generally increases the bandgap or increases metallicity, as
demonstrated in ZrSSe at -7% strain, where the bandgap reduced to zero, resulting in a
semiconductor-to-metal transition [146]. The optical absorption response exhibits significant
variation with the intensity of strain. At low strain values (~+£2%), absorption shifts are mild,
influencing electronic transitions without significantly modifying conductivity. At high strain
intensities (~+£6% and beyond), the absorption shifts noticeably, facilitating increased infrared
light absorption under tensile strain (ZrSSe at +6%) or greater UV reflectivity under
compressive strain (LaNiOs at -7%) [147].

Hoat et al. [145] investigated Pbl. monolayers subjected to uniaxial strain ranging from —12%
to +12%, revealing a significant strain effect on the bandgap and absorption spectra. The initial
bandgap 0f2.476 eV decreased to 2.305 eV at -6% strain and further to 2.092 eV at -12% strain.
Tensile tension, on the other hand, increased the bandgap to 2.567 eV at +6% strain and 2.645

eV at +12% strain. Optical absorption exhibited significant sensitivity to strain: under tensile
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strain, the absorption experienced a redshift, whereas with compressive strain, absorption
penetrated further into the ultraviolet (~4.5 eV, 275 nm). The maximum reflectivity increased
from 64.74% at equilibrium to 74.29% at 6% tensile strain, rendering Pbl. exceptionally
appropriate for UV-reflective coatings and optoelectronic applications. In conclusion, high
strain intensities (exceeding +6%) induce noticeable nonlinear effects, resulting in anisotropic
electronic alterations, band inversion, and increased optical conductivity. This highlights strain
intensity as an efficient tool for material design, enabling the customization of optical and

electronic responses for optoelectronic, sensing, and energy applications.

2.9 LAYERING FOR TUNING THE PROPERTIES OF MATERIALS

Layering in 2D materials is a powerful strategy for tuning their properties, enabling precise
control over electronic, optical, and mechanical characteristics. By stacking different 2D layers
or introducing interfacial modifications, researchers can engineer band structures, enhance
charge transport, and optimize excitonic interactions. This approach facilitates the design of
materials with tailored functionalities for applications in transistors, photodetectors, energy
storage, and quantum devices. Van der Waals heterostructures, for instance, offer tuneable
bandgaps, improved carrier mobility, and novel quantum effects, making layered 2D materials

a promising avenue for next-generation electronic and optoelectronic technologies.

In past years, many studies are carried out to evaluate the impact of heterostructure formation
on optoelectronic properties, with emphasis on optical absorption and bandgap. Huong et al.
[155] investigated the electronic and optical properties of SnS/SnSe heterostructure, and
discovered type-II band alignment alongside the improvement in visible region absorption,
making the formed heterostructure potential candidate for the optoelectronic and photovoltaic
applications. The absorption edge for the individual layers of SnS and SnSe are in the lower
wavelengths, which are significantly shifted towards the higher wavelengths, improving the

solar conversion efficiency.

Further, Salunkhe et al. [156] stacked the layers of TiO: and Bi.Ss to form TiO2/Bi2Ss
heterostructure. The work also focused on the quantum size effects and reported the
improvement in the visible region absorption with shifting of the absorption edges towards
lower energies (redshift). It is also reported in the study that the increase in the coverage of
Bi2Ss reduces the bandgap, improves the photocurrent generation, confirming its acceptance in

solar cells.
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In the similar significant work, Maniyar et al. [161] in 2020 formed the heterostructure of

phosphorene/transition metal dichalcogenide (TMD). The monolayer of phosphorene is

stacked with MoS2, MoSe., MoTe2, WSz, WSe: to form heterostructure for optoelectronic

applications. The value of bandgap is 1.21 eV for phosphorene, whereas transition metal

dichalcogenides exhibit a bandgap in the range from 0.47 to 1.57 eV. Due to the formation of

heterostructure, the bandgap is reduced to 0.25-1.01 eV, facilitating charge separation. Further,

aredshift in absorption peaks also observed from ultraviolet range (~390—430 nm) to the visible

spectrum (410-780 nm), in the heterostructures enhancing solar energy efficiency. The high

visible region absorption and incorporation of type-II band alignment makes these formed

heterostructures significant for solar and optoelectronic applications.

Table 2.9 Tuning electronic and optical properties of materials using layering.

Structur | Bandgap Bandgap Absorption Absorption Referances
e Individual Heterostructur | Individual Heterostructure
(eV) e (eV)
Au/CdSe | CdSe: 1.74 Not  explicitly | CdSe: ~700 nm | Enhanced  absorption in | [153]
stated (visible region) | visible range.
ZnO/Ce ZnO:  3.25, | Decreases to | ZnO: ~380 nm, | Enhanced UV absorption | [154]
02 Ce02: 3.08 3.08 eV Ce02: ~340 nm | while  maintaining  high
(UV region) visible light transparency
(~400-800 nm)
BiFeO3/ | BiFeO3: 2.67, | Direct bandgap | BiFeO3: ~465 | Enhanced absorption in | [155]
ZnO Zn0: 3.4 ~0.6 eV nm, ZnO: ~380 | visible and terahertz regions;
nm (UV-visible) | broad absorption in ~400-800
nm range
TiO2/Bi2 | TiO2: 3.2, | Not explicitly | TiO2: ~380 nm | Enhanced  visible light | [156]
S3 Bi2S3: 1.7 stated (UV), Bi2S3: | absorption; increased
~700 nm | photocurrent under solar
(visible) illumination
Blue BlueP: 2.39, | 1.13 (Indirect) BlueP: ~300 | Enhanced  absorption in | [157]
Phosphor | WSe2: 1.75 nm, WSe2: | visible region; absorption
ene/WSe ~500-750 nm enhancement observed in
2 ~350-600 nm range
MoS2/H | MoS2: 1.9, | Negligible MoS2: 390-430 | Enhanced  absorption in | [158]
£0.33Cd | Hg0.33Cd0.6 | indirect nm; visible  region;  red-shift
0.66Te 6Te: 0.69 bandgap (semi- | Hg0.33Cd0.66T | observed to ~640-710 nm
metallic) e: 310-350 nm
HfSe2/M | HfSe2: 1.2, | Type-Il  band | HfSe2: ~1030 | Enhanced absorption in near- | [159]
oTe2 MoTe2: 0.88 | alignment, nm, MoTe2: | infrared region, peaks at
bandgap ~0.65 | ~1400 nm ~1100-1500 nm
eV
SnS/SnS | SnS: 2.89, | 1.50  (Type-Il | Absorption in | Enhanced optical absorption; | [160]
e SnSe: 2.65 band alignment) | visible region | suitable for water splitting
(~430-800 nm) | and photovoltaic
applications; peak absorption

51




in visible range (~430-800
nm).
TMDs/P | MoS2: 1.9, | Varies by | Absorption in | Redshift observed; enhanced | [161]
hosphore | MoSe2: 1.55, | combination, UV-visible absorption in visible region,
ne MoTe2: 1.1, | mostly Type-II | range (~390-780 | absorption  peaks shift
(MoS2/P, | WS2: 2.1, | alignment nm) towards ~450-750 nm.
MoSe2/P, | WSe2: 1.35,
MoTe2/P, | Phosphorene:
WS2/P, 0.9
WSe2/P)
ZnSe/Al | ZnSe: 2.7, 1 0.986 (Direct | ZnSe: 500-600 | Enhanced absorption, | [162]
As AlAs: 2.01 bandgap) nm, AlAs: ~600 | especially in  ultraviolet
nm region; absorption peak at
~350-450 nm.
ZnSe/Al | ZnSe: 2.354, | 0.548 ¢V (Direct | Strong Stronger  absorption  in | [163]
As/GaAs | AlAs: 2.388, | bandgap) absorption  in | infrared, enhanced optical
GaAs: 1.564 UV-visible properties; peak absorption
region, ZnSe ~ | shift around ~900-1000 nm.
527 nm, AlAs ~
520 nm, GaAs ~
793 nm
MoS2/Zn | MoS2: 1.52, | MoS2/ZnO: MoS2 ~815nm, | Enhanced  absorption in | [164]
o Zn0: 3.14 1.62, ZnO ~ 395 nm | visible range, photocurrent 7
ZnO/MoS2: (UV-visible) times higher than pure ZnO;
2.67 peak absorption enhancement
in ~450-600 nm.
MoS2/W | 1.93 (MoS2), | Indirect MoS2: 1.93 eV | Minimal change; retains | [165]
S2 2.12 (MoS2), | bandgap at I*- | (~642 nm), 2.12 | monolayer optical properties,
1.96 (WS2), | point, K-point | eV (~585 nm); | slight absorption shifts in
2.44 (WS2) ~1.96 eV WS2: 1.96 eV | ~632 nm region.
(~632 nm), 2.44
eV (~508 nm)
SnS/SnS | 2.24 (SnS2), | Not explicitly | SnS2: 2.24 eV | Enhanced optical response; 7 | [166]
2 1.20 (SnS) stated (~553 nm); SnS: | times improvement in
1.20 eV (~1033 | photoresponsivity, improved
nm) absorption in visible range
(550-700 nm).

Another significant work conducted by Komsa et al. [165] explored the electronic and optical
properties of the stacked transition metal dichalcogenide (TMD) bilayers of MoS2 and WS: by
forming the MoS2/WS. heterostructure. The work discovered induction of type-II band
alignment in the formed heterostructure with availability of valence band maximum (VBM)
and conduction band minimum (CBM) in different layers. The formed MoS2/WS:

heterostructure demonstrate efficient charge separation, reduction in bandgap, and improved

optical transitions.

Similarly, Lin et al. [166] formed the heterostructure from the layers of SnS and SnS.,

synthesized via chemical vapor deposition. The work indicated that the photoresponsivity is
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increased to 7.31 x 102 A/W due to heterostructure formation with improvement in optical
response and fast carrier dynamics, making it a promising candidate for photodetection
applications. The absorption spectra indicate improved visible-light absorption, with peaks
extending to 700 nm. This broad absorption range suggests an improved capacity to harness
visible light, which is highly desirable for various technological applications. Such
characteristics make these materials promising candidates for advanced photodetectors, where

efficient light detection across a wide spectral range is crucial.

Collectively, these studies emphasize the potential of heterostructures in fine-tuning material
properties, paving the way for high-performance electronic and photonic devices as illustrated
in Table 2.9. The findings reported in the mentioned papers jointly underscore the importance
of layering/heterostructure in modulating optical properties, bandgap, and absorption for
various optoelectronic applications. Research indicates that stacking of materials/layers result
in substantial enhancements in optoelectronic performance, rendering them advantageous for

applications in solar energy conversion, photocatalysis, and photodetection.

2.10 APPLICATIONS OF PERVOSKITES

Perovskite materials, particularly lead-halide and oxide perovskites, have gained significant
attention in recent years due to their remarkable structural, electronic, and optical properties.
These materials exhibit high charge-carrier mobility, tunable bandgaps, excellent light
absorption, and ease of fabrication, making them suitable for a wide range of applications.
Their unique crystal structure allows for customization through chemical and structural
modifications, enhancing their performance in various technological fields. Below are the key

applications of perovskites across different industries.

2.10.1 Perovskite Solar Cells (PSCs)

In comparison to the conventional solar cells, the perovskite solar cells (PSCs) exhibit notable
solar conversion efficiency greater than 25%, which makes them a potential competitor
conventional silicon-based solar cell [167, 134]. The turnability of the bandgap of the
perovskite allow the researchers to improve their visible region absorption to improve the light-
to-electricity conversion. Further, the compatibility of perovskites with the flexible and
lightweight substrates, support the fabrication of portable and wearable solar panels using

perovskites. The combination of silicon with perovskite is utilized to fabricate the tandem solar
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cells and solar conversion efficiency of more than 30 % is achieved, thereby improving their

commercial feasibility.

2.10.2 Light-Emitting Diodes (LEDs)

Perovskite are widely accepted and emerged as a potential candidate for the fabrication of next-
generation lighting and display devices. The perovskite-based LEDs (PeLEDs) offer very high
photoluminescence quantum yield, adjustable emission wavelengths, and narrow absorption
spectra, which makes the, prominent for the high-resolution displays, televisions, and lighting
applications [168]. In contrast to the convectional semiconductors, perovskite allow the
modulation of the colour, enabling the production of efficient blue, green, and red-light sources.
The solution-processability of the perovskite also makes them fascinating for the large-scale

manufacturing of LEDs.

2.10.3. Photodetectors and Imaging Sensors

The value of the absorption coefficients is very high for the perovskites in compression to the
conventional materials. Perovskites also exhibits the excellent charge transport properties and
high value of photocurrent, which make them ideal for the applications of photodetectors and
imaging sensors [169]. The photodetectors are widely utilized in optical communication,
security, biomedical imaging, and environmental monitoring. The photodetectors and imaging
sensors fabricated by utilizing perovskites offer high sensitivity across the ultraviolet (UV) to
near-infrared (NIR) spectrum, offering performance in comparison to the conventional silicon-
based detectors. Their ability to be integrated into flexible and transparent substrates opens

possibilities for wearable and stretchable electronic applications.

2.10.4. Perovskite-Based Lasers

In optoelectronic applications, specifically in the fabrication of Lasers, perovskites played a
crucial role in past few years [170]. Their high carrier recombination rates and tuneable optical
and electronic properties make them attractive for the fabrication of low-threshold, high-
efficiency laser diodes. The absorption of perovskite can be tuned to the ultraviolet to near-
infrared using various techniques, which facilitates the operability of perovskite-based laser
across the broad spectrum. The perovskite-based lasers have applications in
telecommunications, medical diagnostics, and high-speed optical computing. The perovskite-
based laser can be synthesised on flexible substrates at low temperatures opens up the

possibility of compact and flexible laser devices.
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2.10.5. Perovskite in Energy Storage and Batteries

In addition to the application in photovoltaics, perovskites are also explored for the applications

in the energy storage-based devices and batteries. The lithium lanthanum titanate (LLTO)

perovskite have very high ionic conductivity favourable for the utilization in fabrication of

solid-state electrolytes in next-generation batteries [170]. The energy storage devices fabricated

using perovskite have battery stability, energy density, and cycle life, and address key

challenges in energy storage technologies in comparison to the conventional materials.

2.11 TECHNICAL GAPS

Lithium niobate (LiNbOs) has a wide band gap of 3.56 eV, primarily absorbing UV
light, which constitutes only about 5% of the sunlight spectrum, limiting its
effectiveness in solar applications. There is a need to shift LINbOs’s optical absorption
into the visible range, and doping with various metal elements could be a promising
strategy; however, a comprehensive investigation on the effects of different metal
dopants on its optical properties is still lacking, highlighting a significant research
opportunity.

Strontium titanate (SrTiOs) has a wide band gap of 3.24 eV, leading to significant
absorption primarily in the UV range, which limits its solar cell efficiency. Plasmonic
metal doping could reduce the band gap and decrease charge carrier recombination, yet
a comprehensive analysis of various dopants and their effects on SrTiOs's optical
properties remains unexplored, presenting a valuable research opportunity to enhance
its performance in solar applications.

Strain engineering and metal doping in materials can significantly modify its electronic
and optical properties, which is crucial for enhancing performance in applications like
sensors and solar cells. Despite some studies on strain effects, a comprehensive
understanding of how different strain types (tensile vs. compressive) and various
dopants interact to influence optical absorption and carrier dynamics remains lacking,
highlighting an opportunity to explore these synergistic effects for optimizing materials
in advanced optoelectronic applications.

Two-dimensional materials can be fabricated with relatively inexpensive production
methods, integrated into existing semiconductor technologies, and offer new physical
and chemical properties. Hence, van der Waals heterojunctions offer the opportunity to

combine layers with different properties as the building blocks to engineer new
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functional materials for high-performance electronic devices, chemical sensors, water-

splitting photocatalysts and optoelectronics applications.
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CHAPTER-3

METAL DOPING FOR IMPROVING OPTICAL PROPERTIES
OF LITHIUM NIOBATE

Among the wide variety of perovskites, Lithium Niobate (LiNbO3) is a high-performance oxide
perovskite, recognized for its exceptional ferroelectricity and electro-optic properties, making
it a critical material for photonics, optoelectronics, and quantum applications. As a wide-
bandgap material, LiNbO; exhibits non-zero absorption across a broad optical spectrum;
however, its low absorption in the visible region limits its effectiveness in applications
requiring strong light-matter interactions. Doping LiNbOs with metal ions can effectively
enhance its optical, electrical, and structural properties, optimizing its performance in advanced
applications. These tailored modifications make doped LiNbOs a promising candidate for next-
generation integrated photonic and optoelectronic applications. Therefore, to determine the
electronic and optical properties of LiNbOs and to investigate the impact of doping on these

properties, the following objective is formed.

“Analyzing the effect of metal doping (M= Au, Ag, Cu, Al, Mn, Mo, Ni, and Fe) on
electronic and optical properties of lithium niobate (LiNbOs) crystal for optoelectronic

applications: A First-principles Calculation.”

The methodology used to achieve desired objective involved following steps: -

e The pristine hexagonal cell of lithium niobate is build using the builder tool of ATK
VNL.

e Electronic and optical properties are calculated for pristine lithium niobate.

e Further, the pristine lithium niobate is doped with the various metal dopants (M= Al,
Au, Ag, Cu, Fe, Mn, Mo, and Ni) with 5% doping concentration.

e Electronic and optical properties are calculated for doped lithium niobate and are
compared with the pristine lithium niobate.

e The impact of metal doping on the electronic and optical properties of lithium niobate

is investigated in detail.
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This chapter is divided into seven sections, including the introduction in the first section. The
second section provides information on the simulation setup adopted for the calculations.
Following that, in the third section, the structural properties of pristine and doped LiNbOs are
calculated and analyzed. The electronic properties of pristine and doped LiNbOs are plotted
and explained in section four. The optical properties are plotted and elucidated in section five.
In section six, the comparison of the optical properties of pristine and metal-doped LiNbO:s is

illustrated. Finally, the important outcomes are summarized in section seven.

3.1 INTRODUCTION

In 1963, Geologist Gustav Rose discovered the mineral CaTiO3 (Calcium titanate) in the
mountains of Ural. The mineral was named as perovskite to award the gratitude to Lev
Perovski, a distinguished mineralogist from Russia [171]. Any compound having formula
ABC3 is named as perovskite, where B ion surrounds the C ions. Numerous varieties of electric
properties and solid-state behaviors including; insulating, semiconducting, metallic, and
superconducting are comprehended in the perovskite materials [172]. Therefore, these
compounds are very fascinating for investigations and are applied to a large variety of
applications. They also exhibit a variety of optical, magnetic, and electronic properties. Most

of the elements of the periodic table are found stable in the perovskite structure [173].

Studies of these compounds are of great interest owing to their wide applicability in the
photochromic, image storage, electrochromic, filtering, switching, and surface acoustic wave
signal processing devices [174, 175]. Likewise, they have a virtuous impact on numerous
optoelectronic, bio-sensing, photo-electrolysis based applications [176]. In recent years, a huge
interest has developed in the studies of perovskite materials and in investigating their properties
for the photonic and optoelectronic applications. It is owing to their adjustable optical and
electrical properties that too with mechanical flexibility [177, 178]. Furthermore, their high-
absorption coefficient, low diffusion length, excellent charge transportation, and low
nonradioactive emission exceeds their utilization for photovoltaic and optoelectronic based

devices [179-181].

Lithium niobate (LiNbOs) is a notable member of the perovskite family. It exists in the
ferroelectric state and liable for potential use in the electro-optical and optical systems its
extraordinary piezoelectric, electro-optical, photovoltaic, photo elastic, and nonlinear optical

properties [182-184]. The study of LiNbOs is interesting for the researchers due to its unique
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properties that are mainly determined by its defect structure and composition. Its optical
characteristics can be influenced by the significant amount of impurity which can replace Li/Nb
ion and can occupy the octahedral void in the crystal [185]. In the past, LiNbOs has attracted
the attention of the researcher and manufacturers for optoelectronics-based applications. Javid
et al. [186], reported the DFT study of electronic and optical properties of LiNbOs. It has been
concluded in the past studies that a great shortcoming associated with the LiNbO:s is its large
bandgap. Due to which, the LiNbOs crystal undergoes surface photo activation under UV
radiation only [187]. However, UV light (300400 nm), is a very small fraction of the sunlight
(only 5%) and a large proportion of the sunlight will be left unutilized. So, it is interesting to
shift the optical response of LiNbO:s to the visible range of the optical spectrum [158]. This can
be achieved by the metal-doping which leads an extension in the wavelength range towards the

visible spectra and thus improves the solar energy utilization efficiency [188, 189].

Nb

0

CoQ e

(2) (b)

Fig. 3.1 Hexagonal unit cell of (a) Pristine LiINbOs and (b) Metal (Al) doped LiNbO:s.

Pathak et al. [118], studied the effect of Eu3+doping on the optical properties of LiNbOs and
concluded that the optical properties are improved due to doping. Likewise, Huang Duo-Hui
et al. [191], studied the effect of Fe and Mg doping on the optical properties of LiNbOs. El-
Bachiri et al. [192], also analyzed the effect of Ni doping on the properties of the LiNbO:s.
Metal doping is an effective way to improve the optical properties by lowering the bandgap of
materials for photoexcitation (red shift) and additionally reduce the recombination of charge
carriers. In the category of dopants, metals can be further subcategorized based on their
properties. Although there are various classes of metals, however, a superior class of the metals

is plasmonic (Ag, Au, Al, and Cu) which exhibits the occurrence surface plasmonic phenomena
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[193]. This phenomenon leads to the oscillation of electrons for the matched frequency of the
incident radiation. The metals exhibiting surface plasmonic phenomena have unique optical
properties and are exceptionally strong absorber of light. This makes them appropriate dopant

for tuning the optical absorption towards the visible region [194-197].

In this chapter, initially, the electronic and optical properties of the pristine LiNbOs crystal are
investigated. Further, the crystal is doped with various metals (M= Fe, Mn, Mo, and Ni) along
with the metals exhibiting plasmonic effect (M=Au, Ag, Al, and Cu). Subsequently, the effects
of doping on electronic and optical properties are analysed. The bandgap of pristine and doped
structures is calculated for analysing the electronic properties. The primary motivation of the

doping is to reduce the large bandgap and to further tune the optical properties.

For analysing the effect of doping on the optical properties, the energy and wavelength-
dependent absorption coefficient are computed. Further, dielectric function and refractive index
are also computed for the analysis. From the computed results, a significant improvement is
observed in the optical properties due to metal-doping. These improvements are significant for
the plasmonic metal dopant (M=Au, Ag, Al, and Cu) [198]. However, for the other metal
dopants like Fe, Ni, Mn, and Mo, an improved absorption in visible spectra along with red shift
is observed. These findings suggest M-lithium niobite (M= Au, Ag, Al, Cu, Fe, Mn, Mo, and

Ni) as a suitable candidate for photovoltaic and optical applications.
3.2 COMPUTATIONAL SET UP FOR CALCULATIONS

The ground-state properties of any material can be efficaciously computed by utilizing first-
principles calculations modeled on density functional theory. The plane-wave Density
Functional Theory (DFT) calculator is utilized to optimize the geometry and to compute the
properties of LiNbOs and its metal-doped structures. The calculations are performed on the
Quantum-ATK tool kit. In geometry optimization, to represent the exchange-correlation
function, the generalized gradient approximation (GGA) of perdew—purke— prnzerh is adopted
[199, 200]. The geometry optimization is performed by using Monkhorst—Pack k-point mesh
with the 9x9x1 k point sampling and density mesh cut off of 150 Hartree [82]. LBFGS
optimization method of type quasi-Newton optimization algorithm is utilized for the geometry
optimization until all forces acting on the atoms and stress became less than 0.02 eV/A and

0.004 GPa, respectively.

60



To render steadiness with earlier research, GGA is adopted to compute the electronic properties
[186, 201]. Nonetheless, due to the use of effective approximation algorithms, the calculated
results are in good match with the previously reported results [186, 67]. The DFT in
combination with meta-GGA (TB09) is used to calculate the optical properties. The 9x9x1 k-

points sampling is used for the Brillouin zone to calculate the optical properties [82].
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Fig. 3.2 Band structure of pristine LiNbOs with bandgap value Eg=3.56 V.

The electronic and optical properties of the optimized LiNbOs hexagonal unit cell with various
doping arrangements are calculated. Various metal dopants from the periodic table are chosen
to regulate/tune the optical properties of the crystal. For the material, relationships among the
dielectric constant (er), polarizability (a), optical conductivity (o), and susceptibility (y) are

given as [202]:

& =1+y(w) (3.2)
a(w) =Veyx(w) (3.2)
o(w) = —img(weox(w)) (3.3)

The refractive index (), extinction coefficient (k), and dielectric constant (er) are related as:

n+ ik =+/e, (3.4)

Refractive index (1) and extinction coefficient (k) can be represented in terms of real (&;) and

imaginary parts (&,) of dielectric function, as:
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p= [ (3.5)
K = Ve lte?oe (3.6)

Coefticient of optical absorption and coefficient of extinction are related as [103]:
a, =2 % K (3.7)

Wavelength (1) and photon energy (E) are related as:

1.2398
E(eV)

A(um) = (3.8)

The above equations are utilized to calculate the optical parameters from the computed values.

3.3 STRUCTURAL GEOMETRY OF PRISTINE AND DOPED LINBO:s

The hexagonal unit cell of LiNbOs crystal consists of six atoms of each lithium and niobate
along with eighteen atoms of oxygen (total 40 atoms). The LiNbOs crystal structure utilized
for the calculations [204], is illustrated in Fig. 3.1 (a). In the doped structures, the hexagonal
unit cell of LiNbOs containing 40 atoms is constructed, and two host atoms are replaced by
dopant atoms. All the doped models are simulated with 5% doping concentration, as shown in
Fig. 3.1 (b). The doping model in Fig. 3.1 (b) is represented for the dopant; Aluminium (Al)

and same analogy is adopted for the other dopants.

Table 3.1. Lattice constant of pristine LiNbOs.

a () b (A) c(A) Vol (A3) | References

5.204 5.204 13.976 378.492 Calculated
5.220 5.220 14.093 384.011 [104] theor.
5.057 5.057 13.942 356.542 | [101] theor.
5.147 5.147 13.849 366.880 [104] expt.

For pristine LiNbOs, the geometry is optimized and the lattice parameters of the optimized
structure are found in good agreement with the previously reported results [61, 67, 186, 203,
204, 205]. The compression of the experimental lattice parameter reported in earlier studies

along with the values calculated in this study for pristine LiNbOs are depicted in Table 3.1. The
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calculated lattice constant, lattice volume and bandgap for metal doped structures are

elaborated in Table 3.2.

3.4 ELECTRONIC PROPERTIES OF PRISTINE AND DOPED LINBO:

Band structure of any material is a representation of the band of eigenvalues, which can be
utilized to understand the alignment of Fermi level. For any material, there is a noteworthy
influence of the location of fermi level on electronic and optical properties [206- 208]. By
identifying the location and energies of the dominant bands close to the Fermi level, the
electronic and optical properties of the materials can be easily understood. The band structure
of pristine LiNbO; crystal is computed using GGA and is presented in Fig. 3.2. It can be
observed from the figure, that the pristine LiNbQO:s crystal has a direct bandgap of 3.56 eV. The
conduction band minima and valance band maxima are located at 2.94 eV and -0.62 eV. The
valence band maximum and conduction band minimum occur at the same point I'. The
occurrence of valence band maximum and conduction band minimum at same point makes

pristine LiNbOs a direct band gap material [67].

Table 3.2. Lattice constant and band gap of LiNbOs (pristine and doped).

Doped Lattice Parameters Volume | Bandgap
Models [ a(A) | bA&) | cA) | (&Y (V)
Pristine-LN | 5.204 | 5.204 | 13.976 | 378.492 3.56

Ag-LN 5.551 | 5.551 | 14.711 | 453.298 1.78

Al-LN 5.505 | 5.505 | 15.068 | 456.635 2.02

Au-LN 5.505 | 5.505 | 14.346 | 434.755 1.36

Cu-LN 5.556 | 5.556 | 14.411 | 444.855 0.96

Fe-LN 5.483 | 5.483 | 14.333 | 430.897 1.38

Mo-LN 5.520 | 5.520 | 14.631 | 445.812 0.61

Mn-LN 5.517 | 5.517 | 14.390 | 437.992 0.72

Ni-LN 5.534 | 5.534 | 14.337 | 439.072 0.94

To understand the effect of doping on the electronic and optical properties, M-LiNbOs (M= Al,
Au, Ag, Cu, Fe, Mn, Mo, and Ni) crystal is optimized. The calculated lattice constant, lattice
volume and bandgap of pristine and metal-doped (M= Al, Au, Ag, Cu, Fe, Mn, Mo, and Ni)
structures after geometry relaxation are elaborated in Table 3.2. A significant reduction in the

bandgap is achieved for all the metal-doped structures (summarized in Table 3.2) as compared
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to pristine LiNbOs due to the introduction of in-gap impurity states. It is determined from the
calculated bandgap that the metal doping can be advantageous to achieve the improvement in

the optoelectronic performance of LiNbOs due to the band gap narrowing.
3.5 OPTICAL PROPERTIES OF PRISTINE AND LINBO:

In this section, the calculated optical properties including dielectric function, absorption
coefficient, and refractive index of pristine and M-LiNbOs (M= Au, Ag, Al, Cu, Fe, Mn, Mo,
Ni) crystal are analyzed in detail. These analyses are very interesting and are essential for
finding a notable doped structure of LiNbOs for optoelectronics-based applications. The values
represented in this section are calculated along the xx, yy and zz tensor. The results along the

x-direction are discussed here, and the results in the other two directions may be interpreted in

the same way [107].
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Fig. 3.3 Energy-dependent real part of dielectric function for (a) pristine LiINbOs, and doped with (b) Ag, (c) Al,
(d) Au, (e) Cu, (f) Fe, (g) Mn, (h) Mo and (i) Ni.
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The real part of dielectric function is illustrated in Fig. 3.3 (a) for pristine LiNbOs and in Fig
3.3 (b)-3.3 (h) for M-LiNbOs (M= Au, Ag, Al, Cu, Fe, Mn, Mo, and Ni). The real part of
dielectric function describes the phase lag between the driving and response frequency and
represents the slowing down of the light in the material. For the doped LiNbOs, the value of
real part of dielectric function increases and the dielectric loss decreases with respect to pristine
LiNbOs. The decreased dielectric losses signify lesser slowing down of the light in the doped

structures and better optical response in comparison to the pristine LiNbOs.
3.5.1 Dielectric function of pristine and doped LiNbOs

The dielectric function describes a material's response to an external electromagnetic field and
is a key parameter in understanding its optical and electronic properties. The imaginary (€2)
portion of the energy-dependent dielectric function for pristine and metal-doped LiNbOs are
illustrated in Fig. 3.4. which corresponds to absorption losses due to electronic transitions,

interbond absorption, or free carrier interactions.

It is significant and fascinating to examine the imaginary (€2) portion of dielectric function due
to its effectiveness in determining the optical absorption. The imaginary part of dielectric
function is a representation of the damping and considered as an effective parameter to
investigate the optical absorption. Perovskite materials have gained significant attention in

optoelectronics, particularly in solar cells, due to their excellent dielectric properties.

The dielectric constant (er) of perovskites typically ranges between 10 and 30, depending on
their composition and crystal structure. This high dielectric constant helps in efficient charge
separation and reduces charge recombination, making perovskites highly efficient for
photovoltaic applications. Additionally, their tunable dielectric properties allow for
optimization in other optoelectronic devices such as LEDs, photodetectors, and transistors. As
research progresses, improving the stability and dielectric performance of perovskites remains

a key focus in advancing next-generation solar technologies.

For pristine LiNbOs, as shown in Fig. 3.4 (a), there are three peaks in the imaginary part of the
dielectric function, with the strongest one at around ~3.6 eV and the second-strongest one at
~5 eV followed by the smallest one at ~8 eV. Further, for all the metal-doped structures included
in this analysis, the peaks are significantly shifted towards the lower energies and are broadly

found in the range of ~0-1 eV, as shown in Fig. 3.4 (b)-4 (i).
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Fig. 3.4 Energy-dependent imaginary part of dielectric function for (a) pristine LiNbOs, and doped with (b) Ag,
(c) Al, (d) Au, (e) Cu, (f) Fe, (g) Mn, (h) Mo and (i) Ni.

For pristine and all the metal-doped structures, the peaks of the imaginary part of the dielectric
function are in consistency with the energy-dependent absorption coefficient as illustrated in
Fig. 3.5. The presence of these peaks of dielectric function at low energies (for all the metal-
doped structures) signifies a smaller excitation binding energy that in turn results in a higher

absorption in the visible region of the optical spectrum.
3.5.2 Absorption coefficient of pristine and doped LiNbOs

The energy-dependent and wavelength-dependent absorption coefficient are illustrated in Fig.
3.5 and Fig. 3.6 for the pristine and metal-doped LiNbOs, respectively. The absorption
coefficient of any material is an effective indicative of the efficiency of solar energy conversion

and signifies the propagation length of light in any material. As illustrated in Fig. 3.5 (a), the
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absorption starts from ~3.6 eV which is in consistency with the bandgap calculated in the earlier
section for the pristine structure. However, for metal doped LiNbOs, the absorption edge of
absorption coefficient starts at lower energies (Fig 3.5). Compared with that of pristine LiNbO3
(3.6 V), the absorption edge of metal-doped (M= Al, Au, Ag, Cu, Fe, Mn, Mo, and Ni) shifts
to the lower energy direction (long-wave direction). This shift predominantly improves the

optical performance.

1.0M . . . . 375,00k . , " r
a) Pristine g = b) Ag Doped —XX
_ (a) — . (b) Ag Dop wo ¥ 300,00k
E 8000k E 30000k -z §
3] 3] 3]
< s < w00k
o 6000k  225.00K | {5
3 g 3
c c £
O 4000k S 150,00k | & 15000k
- - -
o Q Q
5 G o
§ 200.0k ] 8 75004 { g oo
< < / q
0.0 0.004 0.004"
001 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5
Energy (eV) Energy (eV) Energy (eV)
. . r T 375.00k r . T —— T Y ) i
(d) AuDoped o~ (e) Cu Doped —xx|| 40 () Fe Doped 4 x
_ 160.0k{ A% - M £t i3
3 £ 300.00k- S
3] L + 300k
T 1200k s =
9225.00k | 4
s 3 S
c 800k c 200k
) 2 150.00k | 12
=
g 2 g
5 400k 5 i G 100k
I} @ 75,00k 3 ]2
Q o 8
< < <
Lt 0.00 "
0 L 2 3 4 § 0o 1 2 3 4 5 6 1 8
Energy (eV) Energy (eV)
: T ! J 750.00k ' ' . i
750.00k{ (g) Mn Doped p— 00k 1 600.00k4 /iy Ni —XX
,\ (9) p c N (i) Ni Doped .= o
g 600.00k{ S 60000k (EJ
= T + 450.00k
© J 1 ©
B 450,00k o 450,00k s
5 e " £ 300,00k
= 300.00k4 ) H 2
= S 300,00k : =
= Q % Q
o 8 4 ] |°.
@ 15000 ] H 150.00k |
g 2 1s000kf Al 2
; < 4/ ¢ g
0.00+" 74 NS
IR M M N e B 2
Energy (eV
9y (eV) Energy (eV) Energy (eV)

Fig. 3.5 Energy-dependent absorption coefficient for (a) pristine LiNbOs, and doped with (b) Ag, (c) Al (d) Au,
(e) Cu, (f) Fe, (g) Mn, (h) Mo, and (i) Ni, along the xx, yy and zz tensors.

The wavelength-dependent absorption coefficient for the metal dopants; Ag, Al, Au, and Cu
are illustrated in Fig. 3.6 (b)-3.6 (e). As shown in Fig. 3.6 (a), the absorption in the pristine
structure lies completely in the UV region of the optical spectrum with absorption edge at ~350

nm. This absorption edge is in strong consistency with the computed bandgap (Eg = 3.56 eV).
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It can be concluded from the absorption coefficient that there is a significant shift in the
absorption edge towards the visible and near-visible region (NVR) of the optical spectrum for
the dopant Ag, Al, Au, and Cu. It can be seen from the Fig. 3.6 (b) and 3.6 (d) that the absorption
has been completely shifted to 400 nm to 800 nm for the dopant Ag and Au.

However, for dopant Al (Fig. 3.6 (b)); the absorption is in Near visible region i.e. around 400
nm and for dopant Cu (Fig. 3.6 (e)), it is in 400 nm to 600 nm. This shifting of absorption in
visible region for the dopants like Au, Ag, Cu, and Al is occurred due to the surface plasmonic
resonance phenomena. These dopants are in the category of plasmonic metal. The doping with
these plasmonic metal leads to the oscillation of electrons matched to the frequency of incident
radiation. Metals like Au, Ag, Cu, and Al are considered as potential candidate for the
plasmonic applications. Among these metals, Ag is superior for the plasmonic effect because

of its least optical losses in the visible region.

However, Ag oxidizes in a rapid manner and exhibits losses because of roughness at the surface.
On the contrary, Au outperforms in the visible region that too with superior chemical stability.
Conversely, the chemical instability of Cu and Al restricts them from the wide applicability.
The above facts are strongly supported by wavelength-dependent absorption coefficient, shown
in the Fig. 3.6 (b)-3.6 (e). It can be inferred from Fig. 3.6 that the optical spectrum is completely
tuned in the visible region for the dopant Ag (Fig. 3.6 (b)) and Au (Fig. 3.6 (d)) due to their
extraordinary absorbing and scattering efficiency. In these metals, the conduction electrons in
the surface experience a collective oscillation for a specific wavelength during interaction with
incident light. This oscillation may be identified as plasmon resonance, and thus results in a

higher absorption in the visible region.

For the other plasmonic dopants; Al (Fig. 3.6 (¢)) and Cu (Fig. 3.6 (e)), the absorption is shifted
towards visible and near-visible region (NVR). The value of absorption coefficient is the
highest for Ag-doped LiNbOs; among all the metal-dopants utilized in this study and thus
making it best among all. Subsequently, for other metal-dopants like Fe, Mo, Mn, Mo, and Ni,
a red-shift along with slightly improved absorption in the visible spectra is observed, as
illustrated in Fig. 3.6 (f)-6 (1). The amount of redshift is very significant for the plasmonic metal
dopants due to plasmon resonances, leading to hybridized modes that often result in high value

of red shift.
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Fig. 3.6 Wavelength-dependent absorption coefficient for (a) pristine LiNbOs, and doped with (b) Ag, (c) Al (d)
Au, (e) Cu, (f) Fe, (g) Mn, (h) Mo and (i) Ni.

Overall, the shifting of edges and improvement in absorption in the visible region for all the
M-lithium niobite (M= Au, Ag, Al, Cu, Fe, Mn, Mo, Ni) are attributed to the newly created
energy levels near to the filled conduction band. This results in a red-shift as illustrated in Fig.
3.6. Further, it can also be concluded that due to metal doping, the equilibrium carrier
concentration got altered that leads to the formation of traps. These traps ultimately reduce the
charge carrier recombination rate and thus improve the photovoltaic activity. As a conclusive
remark, it can be stated that the doping with metal-dopant used in this study resulted in an
improved absorption of visible light. The outcomes of the absorption coefficient are found

consistent with the calculated dielectric function. Further, a broader range of absorption can
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easily be observed for the structures doped with plasmonic metals (M= Au, Ag, Al, and Cu),
from the Fig. 3.6 (b), 3.6 (¢), 3.6 (d) and 3.6 (e). This broader range clearly signifies a stable
and enhanced absorption in the visible range of the optical spectrum due to the doping of
plasmonic metals. Owing to the improved visible light absorption, metal-doped LiNbOs
structures (specifically plasmonic metal doped) are proven a prominent candidate for the

optoelectronics and photonic based applications.
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Fig. 3.7 Energy-dependent refractive index for (a) pristine LiNbOs, and doped with (b) Ag, (c) Al, (d) Au, (e)
Cu, (f) Fe, (g) Mn, (h) Mo and (i) Ni.

3.5.3 Refractive index of pristine and doped LiNbOs

The refractive index is computed from the real part of the dielectric function and is

demonstrated in Fig. 3.7 for pristine and metal-doped LiNbOs. The peaks in the refractive index
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follow the imaginary part of the dielectric function earlier shown in Fig. 3.3, which illustrates
the consistency of the refractive index with dielectric function. A significant improvement is
observed in the refractive index for all the metal-dopants as shown in Fig. 3.7 (b)-3.7 (i) than
that of pristine LiNbOs shown in Fig. 3.7 (a). This implies comparatively a longer life of light

in the crystal, resulting in the higher absorption of the photon in the respective spectrum range.

3.6 COMPARISON OF OPTICAL PROPERTIES OF PRISTINE AND
LINBO:s

The comparative analysis of the optical properties and applications of pristine and doped
LiNbOs (M = Au, Ag, Al, Cu, Fe, Mn, Mo, and Ni) is illustrated in Table 3.3. It is evident from
the summarized data that for Au and Ag-doped LiNbOs are most appropriate for optoelectronic
and photonic applications due to their high absorption in the visible region, which enhances
light-matter interaction. The pristine LiNbOs, despite good optoelectronic properties exhibit
high absorption in ultraviolet region, making it less effective for optoelectronic applications.
The doping of Al and Cu significantly improves absorption in both the visible and near-visible
regions (NVR), making them better than pristine LiNbOs but still inferior to Ag and Au
dopants. For dopants Ni, Fe, Mn, and Mo the absorption is high for ultraviolet region but exhibit
low absorption in found in the visible range, resulting in moderate suitability for optoelectronic

applications.

Table 3.3. Comparison of the optical properties of pristine and metal doped LiNbO:s.

Optical Pristine Ag/Au Al/Cu Doped Ni/Fe/Mn/Mo
Properties LiNbOs Doped Doped
Optical Absorption-UV region | High Missing Missing High
Absorption-Visible region Missing High High in visible and NVR | Low
Suitability -optoelectronic Not Good Best Better Good
applications

These findings indicate that doping LiNbOs with appropriate metal ions can effectively
modulate its optical properties, including refractive index, absorption, and nonlinear optical
coefficients. Such modifications enable precise control over light propagation, frequency
conversion, and electro-optic modulation, making doped LiNbOs a highly promising material
for next-generation optoelectronic and photonic applications, such as high-speed optical

modulators, wavelength converters, and integrated photonic circuits
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3.7 SUMMARY OF THE IMPORTANT RESULTS

10.

11.

The electronic and optical properties of pristine and metal-doped LiNbOs are
computed by using density functional theory.

Due to large bandgap, pristine LiNbOs cannot utilize the visible portion of the optical
spectrum. The absorption in the visible region can be enhanced by means of doping
with a suitable metal dopant.

The pristine LiNbOs is doped metal (M= Au, Ag, Al, Cu, Fe, Mn, Mo, Ni) and the
impact of doping on electronic and optical properties is investigated.

Due to doping, the lattice parameters are changed. The calculated value of the unit
cell volume for the pristine LiNbOs is 78.492 A2,

The largest increase in the unit cell volume is observed for Ag-doped LiNbO:s
(453.298 A3) and Al-doped LiNbOs (456.635 As3). However, for Fe-doped LiNbO;
and Au-doped LiNbOs, there is a moderate increase in the lattice volume.

The value of the bandgap is 3.56 eV for pristine LiNbOs, which decreases
significantly upon doping. Mo-doped LiNbOs and Mn-doped LiNbOs exhibit the
largest drop in the bandgap with the values of bandgap 0.61 eV and 0.72 eV,
respectively.

With the plasmonic metal dopants, the bandgap is also reduced. The reduction is
moderate for the Au-doped LiNbOs (1.36 eV,) and Ag-doped LiNbO:s (1.78 eV).
Doping with all the other dopants lowers the bandgap. Cu doped LiNbO: (0.96 V)
and Ni doped LiNbO: (0.94 eV) create notable shifts, useful for optoelectronics. In
contrast, Al doped LiNbO:s (2.02 eV) maintains a relatively higher bandgap, making
it suitable for applications in UV photodetectors and optical Sensors.

There are significant improvements in the optical properties due to doping. These
improvements are very significant for the plasmonic metal dopants due to surface
plasmonic resonance. The optical absorption is extraordinarily enhanced in the
visible region for the plasmonic metal dopants.

Among the plasmonic dopants, the enhancement is very much significant for the
dopants Au and Ag, due to their extraordinary plasmonic properties. The other
plasmonic dopants, Cu and Al, also showed an enhanced absorption in the visible
region.

For the other metal dopants like Ni, Fe, Mn, and Mo, a slightly increased absorption

in the visible region along with redshift is observed.
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12.

13.

14.

It is observed from the calculated results that the pristine LiNbOs exhibits strong UV
absorption below 400 nm. Due to doping with plasmonic metal dopants Al, Au, Ag,
and Cu, the bandgap reduces, and the absorption is shifted significantly toward the
visible-NIR region, where Au and Cu show the most significant shifts.

For other dopants (Fe, Mn, Mo, Ni), good absorption in the visible-NIR region is
observed with the highest redshift for Mo-doped LiNbO:.

It has been shown that the optical properties (dielectric constant and refractive index)
are also improved significantly due to the doping of metal dopants (M = Au, Ag, Al,
Cu, Fe, Mn, Mo, Ni). Hence, it is envisaged that the metal-doped LiNbOs may find

vital usage in photonic and optoelectronics-based applications.
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CHAPTER-4

TUNING THE OPTICAL PROPERTIES OF SrTiO; FOR
OPTOELECTRONIC AND PHOTOCATALYTIC
APPLICATIONS

Strontium titanate (SrTiOs), widely known as STO, is a perovskite oxide characterized by
exceptional dielectric characteristics, thermal stability, and effective charge transport, making
it a potential candidate for optoelectronic and photocatalytic applications. Nevertheless, its
wide bandgap (~3.2 eV) limits its optical absorption predominantly to the ultraviolet spectrum,
hence limiting its solar conversion efficacy in optoelectronic applications. To improve the
absorption of STO, the pristine crystal may be doped with the metal dopants. The doping will
result in lessening of the bandgap, broadening absorption into the visible and near-infrared
(NIR) spectra, thus improving photocatalytic effectiveness. Moreover, doping also improves
oxygen vacancies and enhances charge separation dynamics, hence enhancing catalytic
activity. Therefore, the aim of this chapter is to investigate the impact of plasmonic metal
doping on the structural, electronic, optical, and photocatalytic properties of STO. The

following objective is framed to accomplish the proposed work;

“Determining the structural, electronic and optical Properties on strontium titanate
(SrTiO3) crystal. Tuning the electronic and optical properties of SrTiO3 through

plasmonic metal doping for optoelectronic and photocatalytic applications.”
The methodology used to achieve framed objective involves following steps: -

e The 2x2x1 cubic unit cell of pristine STO is build using ATK VNL, and the geometry
is relaxed before starting the density calculations.

e Further, the pristine STO is doped with plasmonic metal dopants (M= Ag, Al, Au, and
Cu), and electronic and optical properties are calculated.

e To examine the influence of doping with plasmonic-metal dopant on the photocatalytic
ability of STO, the band edge alignment is plotted.

e The electronic, structural, photocatalytic, and optical properties of doped STO are

compared with the pristine STO, and the improvements in the properties are identified.
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The present chapter is divided into ten different sections, starting with an introduction as the
first section. In the second section, the DFT computations adopted for the calculations are
explained. Section three focuses on the structural properties of pristine and doped STO. Section
four discusses the impact of doping on the electronic properties of STO. The calculations of
optical properties are explained in section five. Section six provides details on the effect of
doping on the real and imaginary dielectric constant of STO. Sections seven and eight explore
the effect of doping with the plasmonic dopants on the absorption and refractive index of STO,
respectively. Section nine discusses the photocatalytic properties of pristine and doped STO
and explains the band edge alignment. Finally, all the important outcomes are summarized in

Section ten in conclusion.

4.1 INTRODUCTION

After the discovery of Calcium titanate (CaTiO3) in 1939, Russian mineralogist Gustav Rose,
introduced a new class of material with the formula ABX;. These structures are named after
Lev A. Perovski, a renowned Russian mineralogist. Perovskite material is a ternary oxide of
formula ABO3, where A is an element of group I or group II (a rare-earth, an alkaline-earth, or
an alkali element), and B is a transition metal or post-transition metal with period 4, 5, or 6. In
past studies, a tremendous variety of electric and solid-state behaviours have been
comprehended in perovskites [209]. The widespread acceptability of the perovskites for
electronic and optoelectronics applications are due to their highly adjustable properties. The
perovskites attracted the large attention of researchers due to their ability to form stable

structure with almost all the elements of the periodic table [173].

(@ (b)

Fig. 4.1 General structure of (a) Perovskite and (b) SrTiO;.
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Strontium titanate (SrTiO5) widely known as STO is a preeminent perovskite compound with
a cubical unit cell of lattice parameters 3.905 A [112]. The STO has widely proven its
acceptance for applications such as sensors, super-lenses, photo-catalyst, electronic switches,
solar cells, and fuel cell anodes. The general structure of perovskite and STO is represented in
Fig. 4.1. In recent years, STO has been a focus of extensive study due to its enormous
applications in optoelectronics and photocatalysis. The band gap of the STO is 3.20 eV at room
temperature and it exhibits the insulating behavior [111]. It can perform water splitting even
without the application of any externally applied electric field and act as a perfect photocatalyst
[63]. But the main shortcoming with the pure STO is its wide band gap, which corresponds to
the ultra-violate (UV) light (300400 nm) of the solar spectrum [63, 65].

It is well known that UV light is only a small fraction of the solar spectrum (only 5%), hence
a larger portion of the solar spectrum is left unutilized [111]. The large band gap of STO,
severely limits its efficiency for optoelectronic and photocatalysis applications. This
shortcoming can be overcome by mean of band gap narrowing, which shifts the absorption
towards the visible region and ultimately improve optoelectronics and photocatalysis efficiency
[177, 210]. It is revealed in previous studies that the electronic structure of materials can be
altered by various approaches like doping [211], heterostructures formation [212], and

vacancies creation [213].

The altered electronic structure can considerably narrow down the band gap and remarkably
shift the absorption towards the visible region. This will finally result in enormous
enhancements in the efficiency of the material for optoelectronics, photocatalysis, and solar
applications. Numerous experimental and theoretical studies are performed to tune the
properties of STO in recent times [214, 64]. In these studies, doping has been extensively used
as an inevitable method to tune the properties of STO for optoelectronics and photocatalysis
[112, 173,181,215, 216]. Xin Zhou et al. reported experimentally and theoretically that Fe and
Mn doping in STO results in the reduction of band gap and improves the optical properties
[217].

Gillani ef al. doped the STO with Zinc and reported significant improvements in electronic
and optical properties and unlocks a potential prospect for applicability of Zn-STO for
optoelectronics [112]. H. Irie et al. studied the effect of Ag and Pb doping on STO and reported
the shifting of optical absorption predominantly in the visible region [218]. Conclusively,

metal doping played an excellent role in improving the optical properties of STO and in
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widening its applicability for optoelectronics-based applications. In the family of metals, there
is a superior category of metal widely known as plasmonic. Silver (Ag), Gold (Au), Aluminium
(Al), and Copper (Ag) are members of the plasmonic family and exhibit the occurrence of the
surface plasmonic phenomenon [219]. This phenomenon results in the occurrence of oscillation
of electrons for the incident radiation of matched frequency. The plasmonic-metals are very
strong absorbers of light and show unique optical properties, which makes them a potential

dopant to extend the optical absorption towards the visible region [196, 220-221].

In this chapter, to elucidate the underlying plasmonic effect, the structural, electronic, and
optical properties of plasmonic-metal doped STO (M= Ag, Al, Au, and Cu) are exmined by
applying density functional theory. First, the structural, electronic, and optical properties of
pristine STO are computed. Furthermore, the STO is doped by plasmonic-metal dopants, and
the properties of doped STO are compared with the properties of pristine STO. Subsequently,
the enhancements in optical properties and evaluation of the photocatalytic behaviour in doped
STO are analyzed. For analyzing the impact of doping on electronic properties, band gap and

density of states (DOS) are computed.

Likewise, wavelength-dependent and energy-dependent absorption coefficients are computed
for optical properties. Furthermore, refractive index and dielectric function are also calculated
for the detailed study of modified optical properties. For all the plasmonic-metal dopants, the
band gap of STO reduced significantly, which completely shift the absorption towards the
lower energies (Red Shift). The primary cause responsible for this shifting is surface plasmonic
resonance. Additionally, the structural variation in crystal from its ideal stoichiometry due to
doping is also responsible for the modified properties. Furthermore, to understand the impact
of doping on photocatalytic behaviour, the calculations are conducted and band alignment for

all the structures is plotted for the water redox potential.

4.2 COMPUTATIONAL SET UP

The first-principles calculations are carried out to accurately compute the structural, electronic,
and optical properties of STO and its doped structures. All the calculations are computed on
Quantum-ATK by employing the plane-wave-pseudopotential approach of density functional
theory (DFT) [121, 158]. In DFT calculations, the Generalized Gradient Approximation (GGA)

of Perdew-Burke-Ernzerh (PBE) parametrization is adopted to characterize the exchange-

77



correlation [199, 222]. The Monkhorst—Pack grid is used for the calculations and the brillouin
zone k point sampling is fixed to 7 x 7 x 1 [200].

The density mesh cut-off energy is fixed to 150 Ry for all the computations [161]. Before
starting the single point energy calculations, geometry optimization is accomplished using
LBFGS optimization. The quasi-newton method is used for geometry optimization. The atomic
optimization is iterated until the residual forces and stress on all the atoms became below 0.05
eV/A and 0.004 GPa, respectively. The electronic properties are calculated by using GGA.
However, DFT incorporated with meta-GGA is adopted for calculations of optical properties
[201]. In the calculations, the formula of Kubo-Greenwood is used for calculating the value of
susceptibility tensor as [223]:

e’h* f(Em)—f(En) j
2,.2 nm = - hm T[]mn (44)
gom? w4V Enm—hw—1T

Xij(w) = —

In the above equation, T, represents the i® element of the dipole matrix. V is the volume, n
and m represent the state of atoms, f represents fermi function and I' is the broadening. The
dielectric constant (€;), polarizability (a), and optical conductivity (o) are represented in terms

of susceptibility (¥) as [202]:

& =1+ x(w) 4.2)
a(w) = Vegx(w) 4.3)
o(w) = —img(wgpx(w)) (4.4)

The dielectric constant (€,), is represented in the terms of refractive index (1) and extinction

coefficient (k) as:

N+ ik = /e, (4.5)

Refractive index (n) and extinction coefficient (k) is calculated from real (g;) and imaginary

(e4) parts of dielectric function as:

n= —\1912"'2522*'51 (4.6)
= [YEite’ma 4.7)
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The coefticient of optical absorption is shown below as a function of extinction coefficient

[203]:

a, =22k (4.8)

C

The above equations are utilzied to caclauatae properties of pristine and doped sturtures of STO

in the subsequnet sections of this chapter.
4.3 STRUCTURAL PROPERTIES OF PRISTINE AND DOPED STO

In structural properties, the lattice constants and lattice volume of pure and M-STO (M= Ag,
Al, Au and Cu) are computed. The pristine STO considered for the present study is a perovskite
structure with space group pm3m (see Fig. 4.2 (a)). The 2x2x1 cubic unit cell of pristine STO
is build using ATK VNL and the geometry is relaxed before starting the density calculations
[111, 112]. The unit cell of pristine STO is consisting of a total of 40 atoms (see Fig. 4.2 (a))
out of which, there are 8 atoms of each strontium and titanium along with 24 oxygen atoms

[224].
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4%0 & o~
(@) (b)
Fig. 4.2 Cubical unit cell of (a) Pure SrTiO; and (b) Au-doped SrTiO;.
Table 4.1 Lattice parameters of pure SrTiO;.
Structure Methodology Lattice Constant (&) Vol Reference
a=b=c (A3)
Experimental Pristine 3.90 59.319 35
. .. 3.90 59.319 4
Cubic DFT Pristine 305 61.629 17
DFT Pristine 3.94 61.162 | Present work

The calculated values of lattice constants for the pristine STO shown in Fig. 4.2 (a) are

a=b=c=3.945 A and the lattice angles are a = =y = 90°. The values of lattice constants
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and lattice angles are in well accordance with the earlier reported experimental and theoretical
results [111, 217, 225]. This proves the validity of accapted parameters of first-principles
calculations. Subsequently, the pristine STO is doped with plasmonic-metal dopants (Ag, Al,
Au, and Cu) with 5% doping concertation (see Fig. 4.2 (b)).

Table 4.2 Lattice parameters and band gap of pure and plasmonic-metal doped SrTiOs;.

Doping Lattice Constant (A) Volume Band gap
Model a=b=c A% (eV)
Pristine-STO 3.94 61.16 2.94
Ag-STO 4.08 67.91 1.57
Al-STO 3.93 60.69 1.77
Au-STO 3.94 61.16 1.56
Cu-STO 4.07 67.41 1.54

The doped structure for dopant Au is illustrated in Fig. 4.2 (b) and the same doping model is
used for all other dopants. The Ti-site of STO is considered for doping as the metal ions
predominantly prefer to enter the Ti-site in STO rather than Sr-site [217, 226]. This is because
of the ionic radius of metal ion, which is nearly close to Ti as compare to Sr [226]. The
computed lattice constants of optimized pristine STO of present study along with previously
reported values are illustrated in Table 4.1. As shown in Table 4.1 the lattice constants

computed in our study are in well accordance with the earlier results.
4.4 ELECTRONIC PROPERTIES OF PRISTINE AND DOPED STO

To investigate the effect of plasmonic-metal doping on the electronic structure of pristine STO,
band structure, the total density of states (TDOS), and partial density of states (PDOS) of
pristine and plasmonic-metal doped STO (M= Ag, Al, Au, and Cu) are computed and plotted
in Fig. 4.3 and Fig. 4.4. As illustrated in Fig. 4.3, the computed band gap of pristine STO is
2.88 eV. The computed band gap is in well accordance with the theoretical results reported in

earlier studies [111, 112, 227, 228].
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Fig. 4.3 Band structure of pure and doped SrTiO;.

The band gap of M-STO (M= Ag, Al, Au, and Cu) are shown in Table 4.2. The band gap
significantly lowered for the M-STO, as compared to the pure STO. This lowering down of
band gap decrease the transition energy between CBM and VBM, which results in a
phenomenon known as red-shift. The reduced values of band gaps are 1.57, 1.77, 1.56, and
1.54 eV for the dopants Ag, Al, Au, and Cu, respectively. These reduced band gaps of doped

STO are favourable for achieving the enhanced visible-light absorption.

As illustrated in the TDOS and PDOS plot in Fig. 4.4, the band gap lowering in doped structures
are due to the formation of localized states, which bring down the CBM and eventually results
in enhanced visible light absorption. The dopants Ag, Al, Au, and Cu lower the value of CBM
by 1.49, 0.67, 0.69, and 0.71 eV, respectively, as compared to the pure STO. For the Al-doped
STO (see Fig. 4.2(c)), some impurity states can be seen in the forbidden gap. These impurity
states act as electron-hole recombination centers and results in the reduction of energy
conversion efficiency. Hence, degrade the photocatalytic behavior. Additionally, for Al-doped
STO, the downward shift in CBM is very high, which adversely degrade its reduction power
and make it ineligible for the photocatalysis process. For the dopants Ag, Au, and Cu the
downward shift in CBM is very small, which is favourable for overall photocatalytic

performance.
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Fig. 4.4 Total density of states (TDOS) and Partial density of states (PDOS) of pure and plasmonic-metal doped
SrTiO; (M= Ag, Al, Au and Cu).

The PDOS of STO (see Fig. 4.4) clearly shows that the 2p state of oxygen principally
contributes to the valance band maxima (VBM) and conduction band minima (CBM) is
principally composed of 3d-Ti. For dopant Ag, Al, and Au the CBM and VBM are dominantly
composed of 3d-Ti and 2p-O, respectively. However, for dopant Cu, the CBM and VBM are
dominantly composed of 3d-Ti and 2p-O/3d-Cu, respectively. Consequently, in the analysis of
the electron structure, the calculated results assert two significant effects of the plasmonic-
metal doping on the properties of STO. The first one is the lessening of the band gap, which
implies the improvement of absorption in the visible region. Secondly, for all the dopants
except Al, the doped STO shows properties favorable for photocatalysis water splitting. Thus,
the plasmonic-metal doped STO can be considered as an efficient material for optoelectronic,

photovoltaic, and photocatalysis applications.
4.5 OPTICAL PROPERTIES OF DOPED STO

STO is widely considered an active and prominent candidate for optoelectronic applications.

Therefore, it is fascinating to analyse the various optical properties of STO like absorption
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coefficient, refractive index, and dielectric function. These optical properties illustrate the
interaction of the material with light and describe the emerging optical behaviour. The
calculated optical properties of pure STO in this chapter are in well accordance to the results
reported in earlier studies [63, 111, 112], which validate the acceptance of our computations
methods. All the properties are calculated for the xx, yy, and zz tensor and, properties are
described for xx tensor only. For other tensors, all the properties may be understood in the
similar way as described for the xx tensor [158]. The optical properties corresponding to
different tensors overlap for pure and doped STO, which indicate the isotropic behaviour. This

signify that all the optical properties are unrelated to the crystallographic direction.

4.6 EFFECT OF DOPING ON DIELECTRIC FUNCTION OF STO

The dielectric function is considered as an ideal parameter to define the behaviour of the light
interaction with the medium of propagation. The real part represents the dispersion and
polarization effects. However, the imaginary part determines the absorption and damping. The
energy-dependent real dielectric function for the pure and doped STO (M= Ag, Al, Au, and Cu)
are plotted in Fig. 4.5. It can be seen from Fig 4.5, for pristine STO, the majority of the peaks
of real dielectric function are found in the energy range of ~ 3- 7 eV, with the strongest peak at
3.5 eV. However, for all the doped-STO the peaks are completely shifted to the energy range

of ~ 0- 1 eV, having major values of real dielectric function in lower energy range.
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Fig. 4.5 Real dielectric function vs. Energy for pure and plasmonic-metal doped SrTiO; (M= Ag, Al, Au and
Cu).
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Fig. 4.6 Imaginary dielectric function vs. Energy for pure and plasmonic-metal doped SrTiO; (M= Ag, Al, Au
and Cu).

For all the doped STO, the real dielectric constant increases at zero energy as compared to pure
STO. This represents low dielectric losses in doped-STO compared to pristine, which
eventually results in reduced slowdown of the propagation of light and improved optical
response. The energy-dependent imaginary dielectric function for the pure and doped STO (M=
Ag, Al, Au, and Cu) are plotted in Fig. 4.6. As shown in Fig. 4.6, for pristine STO majority of
the peaks of imaginary dielectric function are found in the energy range of ~3-25 eV with the

strongest peak at 3.5 eV. The peaks are located at 3.5, 7.5 and 22.5 eV.

The peaks for almost same valves of energy can be seen in the absorption (Fig. 4.7). For pure
STO, the calculated values of optical properties are in well agreement with the results of
previous studies [111, 112]. For doped structures, the imaginary dielectric function is found in
energy range of ~0-5 eV, having the majority of peaks in lower energy range. The strongest
peak doped structures is ~ 1 eV and the peaks in higher energies are completely eliminated
because of doping. The peaks in lower energy for the doped structures signifies the lowering

of the exciton binding energy, which results in a higher value of absorption.

4.7 EFFECT OF DOPING ON ABSORPTION OF STO

The absorption coefficient for pure and plasmonic-metal doped STO are shown in Fig. 4.7 and

Fig. 4.8. Absorption is an efficient parameter to describe solar energy efficiency and light
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propagation. For pure STO the absorption starts from ~ 3 eV (see Fig. 4.7), which is well
consistent with the band gap reported in section 3.2. The absorption edges of the pure and
doped STO are in well agreement with their band gap. For all the doped STO, the absorption
edges are largely shifted in the lower energies i.e.~ 0-1 eV and the occurrence of redshift is
observed. This shift is due to the reduced band gap, which ultimately results in enhanced optical
absorption of doped-STO as compared to undoped structure. All the results of absorption are

well consistent with the imaginary dielectric constant.

The wavelength vs. absorption for the pure and plasmonic-metal doped STO are shown in Fig.
4.8. For pristine STO the absorption is predominantly found in UV region with an absorption
edge around ~300 nm. The absorption is almost zero in the visible region for the pure STO.
For the dopants Ag, Au and Cu, the absorption is completely shifted towards the visible region
(~ 400 - 800 nm) with a significantly large value as compared to the pure STO. For the dopant
Al the absorption starts ~ 300 nm and is found in the near-visible and visible region. The main
reason of improved visible absorption for the dopants Ag, Al, Au, and Cu is the occurrence of

surface plasmonic resonance (SPR).
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Fig. 4.7 Absorption coefficient vs. Energy for pure and plasmonic-metal doped SrTiO; (M= Ag, Al, Au and Cu).

The SPR results in oscillations of electrons for matched frequency of the radiation and improve
the absorption in visible region. Additionally, due to doping, energy levels are created close to

the conduction band, which results in the red shift. Moreover, the doping alters the equilibrium
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concentration of charge carriers and form the traps, which reduces the recombination rate of

charge carriers and results in enhanced photocatalyst activity.
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Fig. 4.8 Absorption coefficient vs. Wavelength (in nm) for pure and plasmonic-metal doped SrTiO; (M= Ag, Al,
Au and Cu).

Among all the plasmonic dopants, Ag shows superior plasmonic behaviour because of the
lowest optical losses for visible light. However, Ag undergoes to rapid oxidation and also have
losses because of surface roughness. In contrary, Au is having an extraordinary performance
for visible light along with the highest chemical stability. For Cu and Al, the uses are restricted
due to their chemical instability. Among all the plasmonic-metal dopants, the absorption is
highest for Au followed by Ag, Cu, and Al. Conclusively, all the plasmonic-metal doped STO
(M= Au, Ag, Al, and Cu) showed enhanced absorption in visible region, which proves their

potential applicability for optoelectronics and photocatalysis.

4.8 EFFECT OF DOPING ON REFRACTIVE INDEX OF STO

The value dielectric function is utilized to calculate refractive index. The calculated values of
refractive index are plotted in Fig. 4.9. All the calculated values of refractive index are in line
with the corresponding absorption coefficient and dielectric function (see Fig. 4.8 and Fig.4.

5).
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Fig. 4.9 Refractive index vs. Energy for pure and plasmonic-metal doped SrTiO; (M= Ag, Al, Au and Cu).

The plotted Fig. 4.9 depicts the relationship between the refractive index (1) and photon energy
for pristine material, elucidating its optical characteristics. At lower energy levels (0-5 eV), the
refractive index is comparatively elevated (~3.0), signifying robust light-matter interaction,
which is essential for optoelectronic applications. As energy escalates, 1 diminishes, indicating
a diminished optical response at elevated photon energies. The virtually equal XX, YY, and ZZ
components affirm the material's optical isotropy, indicating uniform refractive characteristics

across various crystallographic directions.

The identified peaks and troughs correlate to electronic transitions, indicating the material's
capacity to engage with particular photon energy. Above 25 eV, n converges to a low value,
signifying restricted light absorption at elevated energy levels. The energy-dependent refractive
behavior is crucial in the design of photonic devices, waveguides, and optoelectronic

components, where meticulous control of optical properties is vital for improved performance

and efficiency.

The values of refractive index are increased due to doping in comparison to the refractive index
of pure STO. The increased refractive index suggest that the light will remain much longer in
the doped structure, therefore leading to better absorption in the visible region. The value of

refractive index is almost negligible for higher energies, which is following the trend dielectric

function.

87



4.9 PHOTOCATALYTIC PROPERTIES OF PRISTINE AND DOPED STO

In the process of photocatalysis water-splitting, the photocatalyst undergoes the reduction of
H+ to H, along with oxidation of H,0 to H+ and O,. For successful photocatalysis, the band
gap of the photocatalyst should be less than or equal to the illuminated photon energy. In
photocatalysis reduction, the valance band electron will drift to the conduction band and
valance band holes are responsible for the oxidation process. The efficient photocatalytic

behaviour of any material cannot be guaranteed only by the reduction in its band gap.

However, the appropriate position of band edges (CBM and VBM) can help to strongly
guarantee the photocatalytic ability of any photocatalyst. In general, an efficient water splitting
photocatalyst must have the VBM positioned below the oxidation level (0, /H,0) of water and
the CBM above the reduction level (H+/H,) of water. To examine the influence of doping with
plasmonic-metal dopant on the photocatalytic ability of STO, first, the position of CBM and
VBM are calculated for pristine STO by using the equations given below and then the position

of band edges are aligned for doped structures with respect to the pristine structure [63, 217].

1
Ecgm = —35Eg + Xsto + Eo (4.9)
1
Evem = 5 Eg + Xsto t Eo (4.10)
1
Xst0 = (srXtiXo® )3 (4.11)

In above equations, Eg represents the band gap of pristine STO, E, represents the scaling factor
with value -4.5 for normal hydrogen electrode (NHE), x is the absolute values of
electronegativity [229]. The calculated values of the positions of CBM and VBM for the
pristine STO are -0.879 and 2.271 eV, respectively. These calculated values are in well
accordance with the previous results [63, 217]. For the doped-STO, the positions of VBM and
CBM are calculated from the DOS plots by considering the relative positions as compared to
the pristine STO [217]. The band alignment along with CBM and VBM vs. NHE, for all

structures, are plotted in Fig. 4.10.
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Fig. 4.10 Band edge alignment of pristine and metal (M= Ag, Al, Au and Cu) doped STO with respect to water

oxidation and reduction potential.

As illustrated in Fig. 4.10, STO holds a strong reducing ability under UV light, ascribed to its
negative CBM as compared to the water reduction potential H+/H, (0 eV vs. NHE). Moreover,
it has a lower VBM as compared to the water oxidation potential O, /H,0 (1.23 eV vs. NHE).
For the dopant Al, the CBM shifts 1.43 eV, compared to pristine STO. Due to this large shift,
the CBM becomes more positive compared to the oxidation potential of the water and which
makes it active for photo-oxidation only. These findings oppose the acceptance of Al-doped
STO as a promising candidate for the photocatalysis process. However, for the dopants Ag, Au
and Cu, the downward shifts in CBM as compared to the pristine STO are 0.61, 0.63, and 0.65

eV, respectively.

Theses downward shifts improves the photo-reduction capabilities. As illustrated in Fig. 4.10,
for Au, Ag and Cu doped STO, the VBM also move upward as compared with the VBM of
pristine STO, which results in enhanced photo-oxidation capability. Furthermore, for dopants
Ag, Au and Cu, the position of VBM and CBM is straddle to the water redox potential and the
absorption is also found largely in the visible region. Thus, it is concluded that doping the STO
with plasmonic-metal dopants (except the dopant Al) not only improves the absorption in the
visible region but also enhances the photocatalytic ability for water splitting. These
observations of our study, strongly support the applicability of M-STO (M=Ag, Au, and Cu)

for photocatalysis water splitting.
4.10 SUMMARY OF THE IMPORTANT RESULTS

1. The effect of plasmonic-metal doping (M = Ag, Al, Au, and Cu) on the structural,
electronic, and optical properties is investigated by employing DFT first-principles

calculation.
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10.

11.

12.

For analyzing the electronic properties, band structure, TDOS, and PDOS are
calculated. Moreover, dielectric function, refractive index, and absorption coefficient
are calculated for optical analysis.

Furthermore, the band edge alignment is plotted for doped structures with respect to the
pristine for analyzing the photocatalytic activities.

Doping SrTiOs (STO) with plasmonic metal dopants Ag, Al, Au, and Cu evidently
affects its structural and electronic properties, resulting in an increase in lattice constant
and volume, while drastically decreasing the bandgap relative to pristine STO (2.94
eV).

The shifting of the bandgap is significant for all the dopants with bandgap values of
1.57 eV, 1.56 eV, and 1.54 eV for Ag-STO, Au-STO, and Cu-STO, respectively.

The significant reduction in bandgap demonstrates their suitability for visible-light-
driven optoelectronic and photocatalytic applications.

The results reveal that the doping with plasmonic metals reduces the band gap
significantly and completely shifts the absorption towards the visible region (red shift).
Among all plasmonic-metal dopants, Au and Ag exhibit superior plasmonic effects and
show the highest optical absorption in the visible region.

Pristine STO has significant absorption in the ultraviolet spectrum, predominantly
below 400 nm. Doping with Ag and Au enhances absorption in the visible spectrum,
exhibiting peaks between 500 and 600 nm attributed to surface plasmon resonance
phenomena.

Doping with Al and Cu also alters the absorption edge, resulting in significant
absorption characteristics emerging within the 450-700 nm range.

The comprehensive redshift in absorbance for doped STO improves its photocatalytic
and optoelectronic efficiency by facilitating enhanced usage of visible light, rendering
it more appropriate for solar-driven applications.

For dopants Ag, Au, and Cu, the position of VBM and CBM is straddled to the water
redox potential, which makes them potentially active for photocatalytic water splitting
under visible light. However, Al-doped is active only for the photo-oxidation, which
does not support the acceptance of Al-doped for the photocatalysis process.

Hence, it is envisaged that doping with plasmonic metal not only shifts the absorption
towards the visible spectrum but also efficiently maintains the photocatalytic
properties, which makes the plasmonic-metal doped a possible potential candidate for

optoelectronic and photocatalysis applications.
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CHAPTER-5

STRAIN ENGINEERING FOR TUNING THE
OPTOELECTRONIC PROPERTIES OF PEROVSKITES

Strain engineering is a key technique for manipulating the optical and electronic properties of
materials. In perovskite oxides, including SrTiOs and LiNbOs, strain can lead to either bandgap
narrowing or broadening, significantly affecting their optical absorption and
photoluminescence. The coexistence of strain and doping enables improved control over
bandgap engineering. Doping creates impurity states that combine with strain-induced
alterations, facilitating the precise adjustment of optical absorption edges. Furthermore, the
dopant integration in the materials may impact their stability, which can be assessed by
calculating the values of formation energies, which is crucial for the sustainable performance
of optoelectronic materials. Therefore, the objective of this chapter is to present a
comprehensive investigation of the impact of strain on the electronic and optical properties of
oxide perovskites (LiNbOs and SrTiOs) and to evaluate the impact of coexistence of doping

with strain, targeted to address the aforementioned need; the following objective is formed:

“Investigating the structural stability of the doped LiNbO3 and doped SrTiO3 using
formation energy. Exploring the evaluation of improved visible light absorption and

photocatalytic behaviour by application of strain.”
The methodology used to achieve desired objective involved following steps: -

e The tensile and compressive strains of varying intensities are applied to the pristine
lithium niobate and strontium titanate, and electronic and optical properties are
calculated.

e To evaluate the impact of the coexistence of doping and strain on the optical properties,
the plasmonic metal-doped lithium niobate and strontium titanate are applied with the
compressive and tensile strain of varying intensities.

e Inelectronic properties, bandgap is calculated. Dielectric constant, refractive index, and
absorption coefficient are calculated for investigating the optical properties.

e The formation energy calculations are carried out for the doped strontium titanate to
evaluate the impact of doping on the stability.
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This chapter is divided into seven sections, including the introduction in the first section. The
second section provides information on the simulation setup adopted for the calculations.
Following that, in the third section, the strain is applied on pristine LiNbOs, and the impact of
strain on electronic and optical properties is evaluated. The impact of strain on the
optoelectronic properties of plasmonic metal-doped LiNbOs is investigated in the fourth
section. In section five, the strain engineering is applied to the pristine and plasmonic metal-
doped SrTiOs. The structural stability using formation energy for the doped SrTiOs is illustrated

in section six. Finally, the important outcomes are summarized in section seven.

5.1 INTRODUCTION

Lithium niobate (LiNbOs) and strontium titanate (SrTiOs) are promising materials for
optoelectronic applications due to their excellent electro-optic, piezoelectric, and nonlinear
optical properties. LINbOs (LN) exhibits strong second-order nonlinear effects, making it
valuable for frequency conversion and photonic devices, while SrTiOs (STO) demonstrates
high dielectric permittivity and tunable refractive index, beneficial for optical modulators and
transparent conductors. However, their wide bandgap (>2.5 eV) restricts their absorption
primarily to the ultraviolet region, limiting their efficiency in visible-light-driven applications
such as photovoltaics and photocatalysis. Additionally, intrinsic defects in these materials can
introduce trap states, which degrade charge transport and enhance recombination losses, further

reducing their performance in optoelectronic devices.

The wide bandgap of these perovskites results in the absorption in the UV region of the sunlight
only, which is a small segment of the (~5%) available spectrum. Therefore, it is advantageous
to modulate the electronic bandgap of lithium niobate and strontium titanate so that the optical
absorption can be largely shifted toward the desired wavelengths, 1.e., toward the visible region.
Recently, researchers have adopted doping and strain as effective techniques to reduce the
bandgap of materials and subsequently improve visible absorption [111, 225, 230- 234]. As far
as doping is concerned, the dopant introduces the donor or acceptor levels in the empty
forbidden band and shifts the absorption towards low energy ranges (redshift). The dopant also
introduces the discrete energy gaps in the pristine material, and the electron can be exited from
the valence to the conduction band using these gaps, which ultimately enhances the absorption

in the visible region [63, 225].
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In the past few years, several types of research have been carried out to enhance the
optoelectronic behavior of materials by means of doping and strain [11, 230, 232, 235]. In these
studies, Gillani et al. [73] and H. Irie et al. [218] studied the impact of doping on the SrTiOs
with dopants Zn and Ag, respectively. It is found that doping with metals improves the
absorption in the visible region and results in enhancement in the acceptability of doped
LiNbO:s and SrTiOs for optoelectronic applications. In this chapter, among the wide variety of
metals available in the periodic table, silver (Ag), aluminum (Al), gold (Au), and copper (Cu)

are adopted as dopants.

These dopants show plasmonic behavior and are very strong absorbers of light. Doping with
these plasmonic metals can extend the absorption extraordinarily toward the visible region
[112, 128]. Along with the doping, further strains of varying intensity are applied to pristine
and doped perovskites (lithium niobate and strontium titanate) to improve their optical
properties for optoelectronic applications. Strain engineering is a reversible and controllable
process [65, 67, 223, 236] that allows precise modulation of material properties with high
accuracy. Stain does not generate any additional defects or lattice damage in the crystal and
advantageously alters its structure, which induces enormous prospects for various desirable
applications. It demonstrates the variation in the structure of the materials and shows unique

properties for various applications in the field of optoelectronics and photovoltaics [239- 242].

Furthermore, the coexistence of doping and strain has proved itself an efficient approach to
modulate the optoelectronic characteristics of the nanomaterials in the desired manner [199,
237]. Doping with metals like Ag, Al, Au, and Cu can improve the optoelectronic response,
which can be further enhanced by the application of strain [196, 218, 235]. Several studies have
revealed that strain can be considered an effective way to tune the optical properties of
materials. In a significant work, Chen et al. [233] calculated the bandgap as a function of strain

for FAPbIs iodide perovskite.

In the case of perovskite LiNbOs, Husin ef al. [236] studied the effect of strain on the electronic
and optical properties and concluded that the compressive and tensile strain shifts the spectrum
to the higher or lower wavelength, which ultimately improves the optical performance. In a
similar work on strain, Ghosh D et al. [235] analyzed the effect of strain on the electronic and
optical properties of lead iodide perovskites. These studies collectively advocate that the strain
can participate significantly in modulating the optical properties of the materials. Furthermore,

it is significant to evaluate the stability of doped materials via formation energy calculations
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for ascertaining their thermodynamic viability. A reduced formation energy signifies improved
structural stability and dopant solubility; hence, decreasing defect formation and phase
separation. Consequently, stability analysis plays a vital role in optimizing material

performance for optoelectronic and photovoltaic applications.

Herein, the pristine and plasmonic metal-doped LiNbOs and SrTiOs (M= Ag, Al, Au, and Cu)
are subjected to the compressive and tensile strain of varying intensities. The optical, structural,
and electronic properties are computed, and the impact of the strain on the properties is
analyzed. For understanding the electronic structure, the bandgap is computed for all the
structures. The optical behavior is understood by calculating the parameters like absorption,
refractive index, and dielectric function. All the results computed, altogether, emphasize the
fact that the coexistence of doping and strain is an effectual approach for modulating the
optoelectronic behavior of the lithium niobate and strontium titanate for photovoltaic and

optoelectronic applications.
5.2 COMPUTATIONAL SET UP FOR CALCULATIONS

In this chapter, DFT-based calculations are performed to determine the electronic and optical
properties of lithium niobate (LiNbOs) and strontium titanate (SrTiOs) with the coexistence of
strain and doping. All the simulations are performed on Quantum ATK atomic-scale modeling
software. The hexagonal unit cell of LiNbOs, consisting of a total of 40 atoms of lithium,
niobium, and oxygen, is built using the builder tool of Quantum ATK [220]. In the same way,
the cubic cell of SrTiOs containing 40 atoms of strontium (Sr), oxygen, and titanium (Ti) is
build. The geometry of the pristine unit cells is optimized to achieve the structure with the
lowest possible ground state energy for further calculations. All the calculations related to
geometry optimization are performed on the LACO ATK-DFT calculator with k-point sampling
(Monkhorst-Pack) of 7x7x7 [238, 239, 242]. The exchange correlation functional of the
generalized gradient approximation (GGA-PBE) is utilized for the calculation [82, 112, 225].
For geometry optimization, the LBFGS (quasi-Newton) method is utilized [82]. The geometry
is relaxed till the interatomic forces between the atoms reach the limit of force tolerance of 0.05

eV/A [77]. The maximum number of steps is set to 200, and stress tolerance is set to 0.005

eV/A3.
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Fig. 5.1 Crystal structure of nit cell of (a) Undoped and (b) Al-doped Lithium niobate.

Afterward, the pristine crystals of LiNbOs and SrTiOs are doped with the plasmonic metal
dopants (M=Al, Ag, Au, and Cu) with the 5% doping concentration. Subsequently, the tensile
and compressive strains of varying intensities of 10% and 20% are applied on the pristine and
M-LiNbOQOs. On the other hand, the pristine and M-SrTiOs is applied with the compressive and
tensile strain of 5% along with 10% and 20% to investigate the impact of strain on the
optoelectronic properties. The appropriate value of the intensity of the strain to be subjected to
these perovskites is taken from the previous research of strain engineering based on perovskite

structures.

Among several studies, the Wu ef al. [236] conducted a detailed review on the influence of
strain on the properties of perovskite and concluded that the perovskite can be applied with a
strain of 20% without any structural breakdown. It is also concluded that the suitable range of
strain for tuning the band structure of the perovskites is 20%—13%. Further, in the similar work,
the accepted range of the strain for tuning the band structure of the perovskites is from 5% to

10% [7, 8].

The same has been followed in this chapter, and the intensity of applied strain is kept between
5% and 20% to tune the electronic and optical properties of LiNbOs and SrTiOs for
optoelectronic and photovoltaic applications. The electronic properties are calculated by
employing the GGA approximation with the mesh cut-off of 150 Ry [18, 230]. However, meta-
GGA Tran and Blaha (TB09) is used for calculating the optical properties to ensure the
accuracy of the results, as indicated in the literature available on DFT calculations [210, 217].
The high-accuracy basis set of tier 3 with HGH [Z=4] pseudopotentials is adopted in the

calculations to achieve computational accuracy [239, 240].
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To validate the adopted DFT simulation parameters, properties of pristine LiNbOs and pristine
SrTiOs are calculated and are then compared with the experimental and theoretical results
reported in previous research [64, 66, 69, 101, 107]. The consistency of our calculated results
with the previously reported results advocates the validity of the DFT simulation model
adopted for calculations. For applying the compressive and tensile strain on the perovskites,

the equation illustrated below is utilized.

€=%x100% (5.1)

In the equation given above, ao is the value of the lattice constant perovskite (relaxed and
without strain), and a represents the lattice constant after the application strain. The positive

value of € represents the tensile strain, and the negative value represents the compressive strain.
5.3 IMPACT OF STRAIN ON PRISTINE LINBO3

In this section, the pristine LiNbOs is applied with compressive and tensile strains of 10% and
20%. Further, the impact of strain on the electronic, structural, and optical properties is

examined for optoelectronic and photovoltaic applications.
5.3.1 Structural and electronic properties of strained pristine LiNbO3

LiNbO:s is a perovskite, consisting of lithium, niobium, and oxygen atoms. The schematic
structure of the hexagonal cell of pristine LiNbOs, consisting of 40 atoms, is shown in Fig. 5.1
(a), the geometry of which is optimized using the GGA functional of DFT. The lattice constants
for the pristine LiNbOs are a=5.204, b=5.204, and ¢c=13.976, which are in good agreement with
the previously calculated results [67, 118, 186, 234]. Further, the tensile strain and compressive
strains of 10% and 20% intensities are applied on pristine LiNbOs to examine the effect of
strain on various properties. Based on the DFT computation of the bandgap performed, it is
found that the pristine LiNbOs is a wide bandgap material with a bandgap of 3.56 eV. The
experimental value of the band gap of LiNbOs varies from 3.6 to 3.8 eV. The variation in the
values of the experimental bandgap is because of the changes in the Li: Nb ratio. The calculated
value of the bandgap in this chapter for strained and unstrained pristine LiNbOs is tabulated in
Table 5.1. The value of the bandgap of pristine LiNbO:s is in good accordance with the values

reported in previous theoretical and experimental studies [67].
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Table 5.1 Bandgap and lattice constants for unstrained and strained LiNbOs.

LiNbO3 Bandgap (eV) | VBM (eV) | CBM (eV)
Unstrained | 3.56 -1.80 1.76
10% C 4.23 -0.63 3.6
20% C 4.15 -0.64 3.51
10% T 2.54 -0.66 1.88
20% T 1.71 -0.68 1.03

From Table 5.1, it is evident that the bandgap is significantly reduced for the tensile strain of
10% and 20%, which opens up the scope for possibilities of finding improved absorption in the
visible region in comparison to the unstrained LiNbOs. The reduced value of the bandgap is
2.54 eV for the 10% tensile strain and 1.71 eV for the tensile strain of 20%. The bandgap
reduction is due to the downward shifting of the value of minima of the conduction band (CBM)

and upward shifting of valence band maxima.

The calculated values of bandgaps also signify that with the increase in the intensity of strain,
the decrease in bandgap increases, which indicates the possibility of more redshift with
increased strain. The reduction in the value of the bandgap due to the high tensile strain implies
that strain engineering is an efficient technique for tuning the positions of band edges. Further,
the bandgap is increased on the application of the compressive strain of 10% and 20%, which
is indicative of the blueshift. The compressive strain opens up the possibilities of the shifting

of the absorption towards the hog wavelength regions.
5.3.2 Optical properties of strained pristine LiNbOs

The main shortcoming associated with LiNbO:s is its wide bandgap, which ultimately limits its
absorption in the visible range of the optical spectrum. In this section of the chapter, the optical
properties of pristine LiNbOs are calculated, and further, the effects of tensile strain and
compressive strain on optical properties are investigated. The fundamental parameter for
obtaining the optical properties of any material is the dielectric function, which is the
elucidation of the interaction of the material with the applied electromagnetic field. The
dielectric function (real) of any material is related to the slowing down of the light and
resembles the refractive index. Its large value is desired as it represents the lesser slowdown of

the propagating light.
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The imaginary part is related to the optical absorption and represents the damping. The
absorption coefficients for varied energy and wavelength for unstrained and strained LiNbOs
are illustrated in Fig. 5.2. As illustrated in Fig. 5.2 (b), for unstrained LiNbOs, the absorption
is high in the ultraviolet region of the optical spectrum. The energy-dependent absorption of
the pristine LiNbOs is found in the higher energy range only. From Fig. 5.2 (a), it is clear that
the absorption starts around 3.5 eV, which is equal to the bandgap of the pristine LiNbOs. On
applying the compressive strain (10% and 20%), the absorption is found shifted into the low
wavelength regions with no absorption in the visible region (blueshift). Most of the peaks of

absorption are found in high-energy ranges (see Figs. 5.2 (g) and 5.2 (h)).

On applying the tensile strain, redshift occurs, and the absorption is shifted in the lower energy
range (high wavelength) as clearly seen in Figs. 5.2 (e) and 5.2 (f). As shown in Figs. 5.2 (i)
and 5.2 (j), that wavelength-dependent absorption is enhanced in the visible region for the
tensile strains of 10% and 20%, which is desirable for optoelectronic applications. The value
of visible region absorption is highest for the tensile strain of 20%, which is in accordance with
the highest reduction in the bandgap. The peaks of the absorption are in well accordance with

the calculated value of bandgaps.

The energy-dependent dielectric constants for unstrained and strained (tensile and
compressive) LINbOs are calculated using meta-GGA and are illustrated in Fig. 5.3. The real
part and imaginary dielectric function for unstrained LiNbOs are illustrated in Fig. 5.3 (a) and
Fig. 5.3 (b). Further, the tensile strain and compressive strain of intensities of 10% and 20%
are applied on the pristine LiNbOs, and the dielectric function is plotted with photon energy as
illustrated in Fig. 5.3 (c)- 5.3 (j). As illustrated in Fig. 5.3 (b), the imaginary dielectric constant
is zero for unstrained LiNbOs up to 3 eV. On application of the tensile strain of 10% and 20%,
the imaginary dielectric constant is found shifted towards lower energies. Which can be
interpreted as the reflection of electromagnetic radiation and improved optical absorption in

the visible range.

For unstrained LiNbOs, the major peaks of the imaginary dielectric constant are at ~3 eV and
~5 eV, having the largest peak at ~3.5 eV. For the compressive strains of intensities 10% and
20%, the peaks of the imaginary dielectric function are not shifted towards the lower energies.
However, for the tensile strains of 10% and 20%, the peaks are found shifted in the lower

energies, with the highest peak of absorption at ~2.5 eV and 1~.7 eV, respectively.
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Fig. 5.2 Absorption coefficient of lithium niobite and its strained structures.

Due to the application of the tensile strain of 10% and 20%, the shifting of peaks of the
imaginary dielectric constant towards lower energies can be interpreted as the narrowing of the
bandgap under strain. For the tensile strain of 20%, the intensity of the peak is highest due to
inter-band transition in VB and CB and is favorable for visible light absorption. The real part
of the dielectric constant for unstrained LiNbQO:s is illustrated in Fig. 5.3 (a), and for strained
LiNbOs, it is illustrated in Fig. 5.3 (c)- 5.3 (f). For tensile strains of 10% and 20%, the value of
the real dielectric function at zero eV is increased, and this increase is high for the high intensity

of the strain.
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Fig. 5.3 Dielectric function of lithium niobite and its strained structures.

The peaks of the real dielectric function are shifted towards lower energies due to the
application of tensile strains of 10% and 20% with the highest value of the peak for the strain
of 20%. The shifting of the peaks of the dielectric function towards lower energies and
amplified values of the peak for the tensile strain of 10% and 20% are favorable for
optoelectronic applications). The high absorption in the visible region and improved dielectric
response due to the application of tensile strain make the strained LiNbO3 a potential candidate

for optoelectronic applications.
5.4 IMPACT OF STRAIN ON PLASMONIC METAL DOPED LINBO3

This portion of the chapter focuses on the analysis of the structural, electronic, and optical
properties of pristine and metal-doped LiNbOs. Further, the metal-doped LiNbO:s is subjected
to the tensile and compressive strain of varying intensities of 10% and 20%. The electronic and
optical properties of strained structures are computed, and the same is compared with the

respective unstrained structure.
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5.4.1 Structural and electronic properties of strained and plasmonic metal doped LiNbO3s

The hexagonal cell of LiNbOs is doped with the metal dopants (M= Ag, Au, Cu, and Al) and
structural, and electronic properties are calculated in this section. The doping concentration is
kept at 5% for all the dopants and the doping model adopted is illustrated in Fig. 5.1 (b). Further,
the metal-doped LiNbO:s is applied with tensile and compression strain of 10% and 20% to
investigate the effect of strain on optical and electronic properties. Before calculating the
properties, the geometry of the unit cells of all undoped and doped LiNbOs are relaxed. The

values of lattice constants of the pristine and all doped LiNbOs are elucidated in Table 5.2.

Table 5.2 Lattice parameters of undoped and doped LiNbO:s.

Structure a(d) |bA) c(A) Volume (A3) | Bandgap (eV)
Pristine 5.20 5.20 13.97 378.49 3.56
Ag-doped 5.55 5.55 14.71 453.29 1.78
Al-doped 5.50 5.50 15.06 456.63 2.02
Au-doped 5.50 5.50 14.34 434.75 1.36
Cu-doped 5.55 5.55 14.41 444 85 0.96

Further to understand the impact of doping and strain on the electronic structure, bandgap is
calculated. The bandgap is an effective measure of understating the alignment of bands and
position of fermi levels in any material. It is significant to calculate the bandgap due to its
notable influence on the optical properties [34, 35]. The computed value of the bandgap of
undoped and unstrained LiNbOs is 3.56 eV, which is in good accordance with the previously

reported values of experimental and theoretical research.

Table 5.3 Bandgap (eV) of tensile and compressive strained LiNbOs.

Structure GGA Meta GGA

Compressive Tensile Compressive Tensile

10% 20% 10% 20% 10% 20% 10% 20%
Ag-doped 1.26 0.86 2.31 0.61 1.43 0.07 0.36 0.61
Al-doped 0.81 1.33 1.45 0.23 0.47 1.41 0.49 0.35
Au-doped 1.55 1.06 1.24 0.73 2.37 1.28 2.62 0.91
Cu-doped 1.18 0.78 0.96 0.41 0.07 0.04 0.22 0.13
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The calculated bandgaps of the metal-doped LN after the application of tensile and
compression strains of 10% and 20% are elucidated in Table 5.3. The bandgaps for all the
strained structures are calculated with the exchange correlation functionals GGA and meta-
GGA to make the optical spectra more consistent with bandgaps. For Ag-doped LN, the
bandgap is 1.78 eV. On the applied compressive strain, the bandgap reduces to 1.26 eV and
0.86 eV for the intensity of 10% and 20%, respectively, signifying increased electronic
delocalization. For the applied tensile strain, the bandgap initially rises to 2.31 eV for 10%
strain, but decreases to 0.61 eV for 20% strain, indicating a shift towards increased

conductivity.

The bandgap of Al-doped LN is 2.02 eV; nevertheless, compressive strain makes a significant
decrease to 0.81 eV at 10% strain; subsequently, the bandgap is increased to 1.33 eV at 20%
strain. For tensile strain, the bandgap remains comparatively steady with a value of 1.45 eV at
10% strain but significantly decreases to 0.23 eV at 20% strain, indicating a strain-dependent

modulation of the bandgap.

For Au-doped LN, the value of the bandgap is 1.36 eV. Compressive strain initially elevates it
to 1.55 eV (10%), then decreases it to 1.06 eV (20%). However, the tensile strain modulated
the bandgap to 1.24 eV at 10% but diminishes to 0.73 eV at 20%, suggesting a propensity for
bandgap narrowing at high tensile strain. In Cu-doped LN, the unstrained bandgap is 0.96 ¢V,
which increases marginally to 1.18 eV at 10% compressive strain and decreases to 0.78 eV at
20%. Under tensile strain, the bandgap remains 0.96 eV at 10% strain but significantly reduces
to 0.41 eV at 20% strain, indicating a transition to a more conductive state at elevated strain
levels. These results illustrate the significant interaction between strain and electrical structure,

presenting prospects for bandgap engineering in optoelectronic applications.
5.4.2 Optical properties of strained and plasmonic metal doped LiNbO:s

The optical properties of strained metal-doped LiNbOs are calculated and plotted in this
section. For pristine LN, most of the absorption peaks are in higher energy ranges, and the
absorption is limited to the UV range (~350 nm) of the optical spectrum. The presence of
absorption in the UV region only limits the applicability of undoped and unstrained LN for
optoelectronic and photovoltaic applications. The imaginary dielectric constant for undoped
and unstrained LN has the strongest peak ~3.5 eV, which is in line with the absorption. The

lower energy peaks of the imaginary dielectric constant signify the low excitation energy and
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are responsible for the lower visible light absorption. The aim of the coexistence of doping and
strain is to shift the optical absorption towards the visible range of the optical spectrum through

metal doping and strain engineering.
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Fig. 5.4 Absorption coefficient for Ag- doped LN (a) and (b) unstrained, (c) and (d) 10% compressive strain, (e)
and (f) 20% compressive strain, (g) and (h) 10% tensile strain and (i) and (j) 20% tensile strain.

Fig. 5.4 elucidates the absorption coefficient (energy and wavelength-dependent) of unstrained
and strained Ag-doped LiNbOs. For Ag-doped LiNbOs, the peaks of absorption are found at
lower energies (Fig. 5.4 (a)) as compared to the undoped LiNbOs. The absorption of the Ag-
doped LiNbO:s is shifted completely in the visible region due to surface plasmonic resonance
as compared to the undoped structure (Fig. 5.4 (b)). The absorption peaks are predominately
found from ~400 nm to ~800 nm, which is favorable for optoelectronic and photovoltaic
applications. Further, the absorption coefficient (energy and wavelength-dependent) is plotted
for LN for the varying tensile and compressive strains of 10% and 20%. For 10% tensile and

compressive strain, the absorption peaks are found from 0 to 10 eV (Figs. 5.4 (c) and 5.4 (g)).
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Fig. 5.5 Absorption coefficient for Al- doped LN (a) and (b) unstrained, (c¢) and (d) 10% compressive strain, (¢)
and (f) 20% compressive strain, (g) and (h) 10% tensile strain and (i) and (j) 20% tensile strain.

The absorption is slightly shifted towards higher energies for these strains and has non-zero
values for ~600 nm to ~800 nm (redshift) (Fig. 5.4 (d) and 5.4 (h)). For higher values of the
tensile and compressive strain of 20% (Figs. 5.4 (e) and 5.4 (1)), the absorption peaks are found
in lower energy ranges, i.e., from 0 to 5 eV. The optical absorption is shifted significantly
towards the visible region of the optical spectrum for high tensile and compressive strain. For
the tensile strain of 20%, the absorption peak attains a value of ~500 k, which is higher than

the unstrained structures.

For unstrained and strained Al-doped LiNbOs, the absorption coefficients (energy and
wavelength-dependent) are plotted in Fig. 5.5. For lower values of tensile and compressive
strain, the absorption peaks are found in low energy ranges, and a very small absorption is
found in the visible region of the optical spectrum (redshift) (Figs. 5.5 (¢), 5.5 (d), 5.5 (g), and
5.5 (h)). For the high value of tensile and compressive strain (20%), the absorption peaks are

predominantly available in the lower energy ranges, i.e., from 0 eV to 5 eV (Figs. 5.5 (e) and
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5.5 (1)). The absorption is significantly shifted to higher wavelengths with increased value for
the 20% compressive strain (Fig. 5.5 (f)). For 20% compressive strain, the absorption is largely
found in the visible region (~300 nm to 800 nm) with a value higher than the unstrained Al-
doped LiNbOs. This evidences the improvement in the optical properties of Al-doped LiNbO:s

for optoelectronic applications.
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Fig. 5.6 Absorption coefficient for Au- doped LN (a) and (b) unstrained, (¢) and (d) 10% compressive strain, (e)
and (f) 20% compressive strain, (g) and (h) 10% tensile strain and (i) and (j) 20% tensile strain.

The absorption coefficient (energy and wavelength-dependent) for the strained and unstrained
Au-doped LiNbOs is represented in Fig 5.6. Au is one of the best metal dopants with
tremendous chemical stability. As seen in Figs. 5.6 (a) and 5.6 (b), due to doping of Au in
LiNbO:s, the absorption is shifted in low energy ranges and is found completely in the visible

region (~400 nm to ~800 nm).

This improved visible light absorption makes Au-doped LN LiNbOs a promising candidate for
optoelectronic and photovoltaic applications. On application of tensile and compressive strain

of low intensity (10%), the absorption is found in the energy range 0 eV to 10 eV and shifted
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slightly towards the higher wavelengths (red-shift) (Figs. 5.6 (c), 5.6 (d), 5.6 (g), and 5.6 (h)).
Furthermore, for a high value of the tensile and compressive strain (20%), the absorption is
found completely in the visible region (Figs. 5.6 (f) and 5.6 (j)). Specifically, for the tensile
strain of 20%, the value of the absorption is high as compared to the unstrained structure, which

makes it prominent for optoelectronic and photovoltaic applications.

Y [—x 350.0k-(b)
........ vy
E300.0k 2zl E 300.0k ]
o (%)
Ezs»o.ox S 25006]
$200.0k S° 200.0k+
c e
S 150.0k G 150.0k
= g
100.0k{ ; /. = 100.0k-
% wol 2
8 50.0k O 50.0k
< <
0.0 0.0
5 10 15 20 0 200 400 600 800 1000 1200 1400 1600
Energy (eV) A (cm)
8001:] . 500K 600K
= —_—
. T00k () w = U ‘ w
g : ?| g g o L
b G k| | E ] y
- s \ - - 400k /
< S ad | Tk = f
! Pl [ : Pul |
c c 400k Cw% c 300k ‘\
0 2 300k I} ] \‘
g § B 206 :.‘mu [ N
5 o 20k & g \ D
'] — — ~—
3 2 g tookqf g \‘
q < < q J
u T T T T o D T T T T
0 200 400 600 800 1000 1200 1400 1600 5 10 15 2 200 400 600 800 1000 1200 1400 1600
A (cm) Energy (eV) A (cm)
900.00k o 3500k {h) : - [ _x ool 0) = ;:
z -~ it - -~
£ 3000k z £ |- z
Emuok E, ,ﬂ.\ 5375»0« 0 7500k
T B0k{ | IS e
600,00k \ 300,00k 0.0k
L S a00k] | \ ) 3 ‘
I £ | W £ 22500k [
g 45000k § 1o & 2500 5 “s
-] s -] s
230,00k g- 1000k 15000k g 150,00k ‘J
0 0
? S ] j
8 15000k 8 wu 1 8 okl 5 e |
¢ 00 J s -
000 : ey o == ————
5 0 " 15 2 0 200 400 600 800 1000 1200 1400 1600 5 b 10 o 15 20 0 200 400 600 800 1000 1200 1400 1600
Energy (e A (em) nergy (e' X (cm)

Fig. 5.7 Absorption coefficient for Cu- doped LN (a) and (b) unstrained, (c) and (d) 10% compressive strain, (e)
and (f) 20% compressive strain, (g) and (h) 10% tensile strain and (i) and (j) 20% tensile strain.

The absorption coefficient (energy and wavelength-dependent) for the strained and unstrained
Cu-doped LiNbO:s is represented in Fig 5.7. For a strain of low intensity (10%), the absorption
is slightly found in the visible region (redshift) (Figs. 5.7 (d) and 5.7 (h)). For the high value
of compressive and tensile strain (20%), the absorption peaks are limited to the low energy
ranges. For these values of strain, the absorption is predominantly shifted to the visible region.
The value of the absorption peak is high in comparison to the absorption peak of the unstrained
structure for 20% tensile and compressive strain, which makes it more suitable for

optoelectronic-based applications.
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Fig. 5.8 Real diclectric constant for unstrained and strained LN (a) and (¢) Ag-doped, (b) and (f) Al-doped, (c)
and (g) Au-doped and (d) and (e) Cu-doped.

Concussively, for all the doped LiNbOs, the effect of the compressive and tensile strain of low
intensity (10%) is not prominent to tune the optical properties. A small amount of redshift is
absorbed in all the metal-doped LiNbOs on the application of small compressive and tensile
strain. For the high value of compressive and tensile strain, the absorption is significantly tuned
in the visible region. This tuning is very much prominent for the tensile strain. Owing to the
enhanced visible light absorption, the application of the high value of tensile strain can be
considered a prominent approach for improving the optoelectronic and photovoltaic efficiency

of LiNbOs.

The real and imaginary dielectric constants for all the metal-doped LiNbOs for varying tensile
and compressive strains are shown in Fig. 5.8 and Fig. 5.9. For all the structures, the imaginary
dielectric constants have peaks in line with the absorption coefficient. Due to strain, the values
of the imaginary dielectric constant are increased in comparison to the unstrained structures,
which signifies the smaller value of excitation energy and results in an improved value of

visible light absorption.

Further, there is a shifting in the peaks of imaginary dielectric constants due to the application
of tensile and compressive strain, in accordance with the shifting of absorption peaks. For all
the doped and strained structures, the imaginary dielectric constant values are consistent with

the absorption. The refractive index for strained and unstrained metal-doped LiNbO:s is plotted
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in Fig. 5.10. The peaks of the refractive index are following the peaks of the real dielectric

constant, which shows the steadiness of the calculated results.
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Fig. 5.9 Imaginary dielectric constant for unstrained and strained LN (a) and (e) Ag-doped, (b) and (f) Al-doped,
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Fig. 5.10 Refractive index for unstrained and strained LN (a) and (e) Ag-doped, (b) and (f) Al-doped, (¢) and (g)
Au-doped and (d) and (e) Cu-doped.
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The values of the refractive index are increased for all the doped structures, which is indication
of the increased life of the light propagating in the doped and strained LiNbQOs. The increase in
the refractive index is further increased on the application of strain. The absorption peaks in
the strained and unstrained metal-doped LiNbOs shifted towards the lower energy values, due
to which more photons will get absorbed in the visible range. This is also justified by the

wavelength-dependent absorption plotted in the earlier section.
5.4.3 Compression of the optical properties of pristine, doped, and strained LiNbO3

A brief comparison of the calculated optical absorption of the pristine and doped LiNbOs
(strained and unstrained) computed is tabulated in Table 5.4. From Table 5.4, it is evident that
the absorption is improved in the visible region due to doping in comparison to the pristine
structure, for which it was found in the UV region only. Furthermore, on the application of the
strain, the absorption is extraordinarily enhanced in the visible region, specifically for the

compressive and tensile strain of 20% intensity.

Table 5.4 Compression of the optical properties of pristine, doped, and strained LiNbOs.

Doping Optical absorption
LiNbO3 Ultra- Visible | Absorption Peak Absorption
violate
Pristine Pristine High Zero 1000 k UV uv
Unstrained Ag-doped Low High 350 k visible Visible
Al-doped Low Low 350k UV IR
Au doped Low High 175 k Visible Visible
Cu doped Low High 350 K Visible Visible
10% Ag-doped High Low 800 k UV uv
Compressive | joped | High Low 700 k UV uv
Au doped High Low 700 k UV uv
Cu doped High Low 700 k UV uv
20% Ag-doped High Low 650k UV Visible
Compressive | | doped | High Low 550 k UV Visible
Au doped Low High 500 k Visible Visible

109



Cu doped Low High 550 k Visible Visible
10% Tensile Ag-doped High Low 1000 k UV uv
Al-doped High Low 1000 k UV uv
Au doped High Low 175k UV uv
Cu doped High Low 350 k UV uv
20% Tensile Ag-doped Low High 550 k visible Visible
Al-doped Low High 350 K visible Visible
Au doped Low High 175 k Visible Visible
Cu doped Low High 500 k Visible Visible

In this chapter, the coexistence of two methods, i.e., doping and strain, is adopted, which is a
more effective approach for tuning the optical properties. The doped LiNbOs responds strongly
to the compressive strain and tensile strain specifically of 20% intensity and improves the

optical absorption, which is beneficial for optoelectronic-based applications.

5.5 STRAIN ENGINNERING ON PRISTINE AND PLASMONIC METAL
DOPED SRTIO3

In this segment of the chapter, the optical, structural, and electronic properties of pristine and
doped structures of SrTiOs are computed by employing the DFT computations. Further, the
structures of pristine and doped SrTiOs are subjected to strain (tensile and compressive) with
intensities of 5%, 10%, and 20%. All the properties of strained SrTiOs are calculated, and

variations in the properties due to strain are analyzed.
5.5.1 Structural and electronic properties of strained M-SrTiO3

Under this segment, the structural and electronic properties of the strained M-SrTiOs (M=Ag,
Al, Au, and Cu) are computed. The cubic cell (2x2x1) of SrTiOs (space group pm3m) is build
for the calculations. As shown in Fig. 5.11, the cubic cell of SrTiOs has 8 atoms of strontium
and titanium each and 24 oxygen atoms [112]. The computed lattice constants of pristine and

doped SrTiO:s after the geometry relaxation are illustrated in Table 5.5.
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Fig. 5.11 Cubic unite cell of pristine SrTiOs crystal.

To validate our computational reliability, the calculated geometrical parameters of pure SrTiOs
are equated with the previous research results. Our computation results show that the lattice
constants of pristine SrTiO3 are a=b=c=3.945 A. These values of structural parameters for
pristine SrTiOs are in good agreement with the previous research results [64, 107, 111, 112].
Subsequently, the SrTiOs is doped through the metal dopants Ag, Al, Au, and Cu (doping
concentration of 5%). The doping in SrTiOs is performed on the Ti site only, as the existing
research on SrTiOs advocates that the metal ions enter the Ti site preferably due to the

comparable ionic radius [112].

Table 5.5 Lattice parameters and bandgap of pure and doped SrTiOs.

Model a=b=c (A) | Volume (A% | Bandgap (eV) References
Pristine - - 3.25 Experimental [243]
Pristine 3.90 59.31 - Experimental [111]
Pristine 3.94 61.39 215 DFT [112]
Pristine 3.94 61.16 2.94

Ag- SrTiO; 4.08 67.91 1.57 DFT

Al- SrTiO; 3.93 60.69 1.77 Calculations of this
Au- SrTiO; 4.09 68.41 1.56 chapter

Cu- SrTiOs3 4.07 67.41 1.54

The lattice constants of pristine and plasmonic-doped SrTiOs are tabulated in Table 5.5.
Furthermore, the pure and metal-doped SrTiOs are subjected to the strain of compressive and
tensile with intensities of 5%, 10%, and 20%. The values of the intensities applied are taken
from the available research on strain engineering of the materials. According to the previous
research, the suitable range of the strain to be applied for tuning the band structure of the

perovskites is from 10% to 20%. The band structure of pure and doped SrTiOs are computed
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and the effects of the applied strain (tensile and compressive) on the bandgap are analyzed. The

calculated value of the bandgap for pristine SrTiOs is 2.94 eV.

Table 5.6 Bandgap (eV) of pure and doped SrTiOs under strain.

Structure Compressive Tensile

5% | 10% | 20% | 5% | 10% | 20%

Ag-doped 0.198 | 0.249 | 0.406 | 0.13 | 0.031 | 0.058

Al-doped 0.02 | 0.008 | 0.091 | 0.25 | 0.030 | 0.174

Au-doped 0.108 | 0.145 | 0.914 | 0.091 | 0.031 | 0.011

Cu-doped 0.104 | 0.148 | 0.012 | 0.074 | 0.026 | 0.049

The bandgap of the pristine and M-SrTiOs (M=Ag, Al, Au, and Cu) are illustrated in Table 5.6.
For all the dopants, the bandgap is remarkably lowered. The bandgap is decreased due to the
introduction of impurity states due to doping. The lowering of the bandgap is further increased
on the application strain of intensities 5%, 10%, and 20%. The bandgaps of strained M-SrTiOs
are illustrated in Table 5.6. The lessening of the bandgap because of doping and strain is
favorable for the possibilities of enhancement of the optical properties of the photovoltaic and

optoelectronics applications.
5.5.2 Optical properties of strained M-SrTiO3

In this section, the optical properties of pure and doped (M = Al, Ag, Au, and Cu) SrTiOs are
calculated. Subsequently, the influence of the applied strain (tensile and compressive) of
intensities of 5%, 10%, and 20% on the optical properties of SrTiOs (pure and doped) is
evaluated. The calculations of the optical parameters are important to categorize the
prospective utilization of the materials for various applications. The optical properties of all
the structures of SrTiOs (pristine, doped, and strained) are calculated by utilizing the computed
values of the dielectric function (real and imaginary). The acceptance of computation is

validated by comparing our results calculated for pristine SrTiOs with the existing research

work [111, 112].
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Fig. 5.12 Absorption coefficient of pristine SrTiO;: Unstrained ((a) and (b)), and Strained (5% compressive (c)
and (d), 5% tensile (e) and (f), 10% compressive (g) and (h), 10% tensile (i) and (j), 20% compressive (k) and (1)
and 20% tensile (m) and (n)).

To understand the impact of the applied biaxial strain on the optical response of SrTiOs, the
pristine structure of SrTiO:s is subjected to the strain (tensile and compressive) of 5%, 10%, and
20% intensities. Furthermore, the absorption coefficients (a function of energy and wavelength)
of the strained crystals are calculated and compared with the unstrained crystal (Fig. 5.12). For
the pristine crystal of SrTiOs, the absorption is limited only in the region of lower wavelengths
and high energies, which limits its solar efficiency. The optical absorption for the pristine
unstrained crystal of SrTiOs (Figs. 5.12 (a) and 5.12 (b)) is predominantly found in the UV
region (~0 to 200 nm) with height peaks of the absorption in the high energy range (at ~25 eV).
The absorption of the pristine SrTiOs begins around ~3 eV, which resembles the bandgap. On
the applied strain, the optical absorption modulates depending on the type and intensity of the

applied strain.
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For the compressive strain of 5% and 10%, the absorption is found to shift significantly towards
the visible and near-visible region, starting from ~200 nm and available till ~800 nm range
(Figs. 5.12 (¢), 5.12 (d), 5.12 (g), and 5.12 (h)). For the compressive strain of 20%, the
absorption is enhanced drastically in the visible region, but there are non-zero absorption values
for the high wavelengths region (IR) (Fig. 5.12 (k) and 5.12 (1)). For the tensile strains of 5%,
10%, and 20%, the absorption starts from ~400 nm and has a high value in the visible region.
For the biaxial tensile strains of 5%, 10%, and 20%, the absorption is zero in the UV region
and completely shifted towards the low energies (redshift), with improved value in the visible
region absorption as compared to the unstrained crystal of SrTiOs (Figs. 5.12 (e), 5.12 (f), 5.12
(1), 5.12 (j), 5.12 (m), and 5.12 (n)).
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Fig. 5.13 Absorption coefficient of Silver-doped SrTiOj;: unstrained ((a) and (b)), and Strained (5% compressive
(c) and (d), 5% tensile (e) and (f), 10% compressive (g) and (h), 10% tensile (i) and (j), 20% compressive (k) and
(1) and 20% tensile (m) and (n)).

Conclusively, the tensile and compressive strain enhances the visible light absorption of
SrTiOs, which improves solar efficiency and is desired for optoelectronic applications. Further,

the crystal of SrTiO:s is doped through the metal dopants Ag, Al, Au, and Cu, and subsequently,
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strain is applied to the doped crystals. The implementation of the coexistence of techniques
(strain and doping) might be a more efficient method for modulating the optical properties of

SrTiO:s for desired applications.

The absorption coefficients for the Ag-doped SrTiOs and its strained structure (tensile and
compressive) are plotted in Fig. 5.13. Due to the doping of Ag, the absorption starts at low
energy (Figs. 5.13 (a) and 5.13 (b)), and the peak of the absorption is found at ~2.5 eV
(redshift). The non-zero absorption in the UV region of the pristine crystal is shifted towards
the high wavelengths and is predominantly available in ~300 to 800 nm. Furthermore, on the
applied compressive strains of intensities of 5% and 10%, the absorption is available in the
~300 to 800 nm range with the enhanced value of visible region absorption (Figs. 5.13 (c), 5.13
(d), 5.13 (g), and 5.13 (h)).
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Fig. 5.14 Absorption coefficient of Aluminum-doped SrTiOs: unstrained ((a) and (b)), and Strained (5%
compressive (c¢) and (d), 5% tensile (e) and (f), 10% compressive (g) and (h), 10% tensile (i) and (j), 20%
compressive (k) and (1) and 20% tensile (m) and (n)).

Subsequently, the Ag-doped SrTiOs, applied with the tensile biaxial strain of intensities of 5%,
10%, and 20%, has almost zero absorption in the UV region, but the absorption in the visible
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region is narrow and low as compared to the compressive strain (Fig. 5.13). For the
compressive strain of 20%, the absorption curve contains the peak at ~600 nm with an

amplitude of ~650k, which is the highest among all the crustal of strained and unstrained Ag-
doped SrTiOs.
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Fig. 5.15. Absorption coefficient of Gold-doped SrTiOs: unstrained ((a) and (b)), and Strained (5% compressive
(c) and (d), 5% tensile (e) and (f), 10% compressive (g) and (h), 10% tensile (i) and (j), 20% compressive (k) and
(1) and 20% tensile (m) and (n)).

For the Al-doped crystal of SrTiOs, the absorption is shown in Fig. 5.14. As shown in Fig. 5.14
(a) and 5.14 (b), as a result of doping with Al, the absorption begins at ~0.5 eV and has non-
zero peaks in the range of wavelengths ~300 to 1100 nm. The non-zero absorption is available
in the high wavelength range, and the values of absorption are amplified in the visible range as
compared to the pure crystal of SrTiOs. The Al-doped crystal of SrTiOs, with the compressive
applied strain of 5%, 10%, and 20%, has an enhanced visible absorption. Specifically, for the
high compressive strain of 20%, the amplitude of the highest absorption peak is found at ~450
nm with an amplitude of ~600 k.
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The applied tensile strain on Al-doped SrTiOs shifts the absorption in the visible region with
some extension towards the IR region. All the crystals of Al-doped SrTiOs under tensile strain
have an absorption peak with a value of ~200k, which is larger than the absorption peak of
unstrained crystals. Further, the doping of the Au on the crystal of SrTiOs tunes the absorption
from ~400 to 800 nm, with an absorption peak of ~250k at ~500 nm (Fig. 5.15). Also, the
applied compressive strain shifts the absorption in the visible and near-visible regions (300 to
800 nm). The absorption peak is highest in the visible region for the compressive biaxial strain
of large intensity of 20%. Nevertheless, the compressive strain also increases the absorption in
the IR region slightly. The Cu doping on SrTiOs also tunes the absorption in the visible region,
which further improves due to the strain having the highest value of visible region absorption

for the compressive strain of 20% (Fig. 5.16).
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Fig. 5.16 Absorption coefficient of Copper-doped SrTiOs: unstrained ((a) and (b)), and Strained (5% compressive
(c) and (d), 5% tensile (e) and (f), 10% compressive (g) and (h), 10% tensile (i) and (j), 20% compressive (k) and
(1) and 20% tensile (m) and (n)).

It is evident from Figs. 5.12 (b), 5.13 (b), 5.14 (b), 5.15 (b), and 5.16 (b) that the UV region

absorption of the pure SrTiOs is completely tuned towards the visible and near-visible region
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due to the doping of plasmonic metal dopants. The increased absorption is due to the collective
oscillation of the charge carriers (surface plasma effect). Among the plasmonic dopants, the Ag
and Au show better plasmonic behavior in comparison to the Al and Au. Additionally, gold has
excellent chemical stability and shows remarkable properties in the visible region. The
reduction in the bandgap due to doping is lowest for the dopant Al because of its lowest ionic
radius among all the plasmonic dopants. Further, the large size of the dopant ion reduces the
scattering of the light and increases the plasmonic effect. The same is evident from the lowest
improvement in visible light absorption due to the doping of the Al (smallest ionic radius

among all dopants).
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Fig. 5.17 Dielectric function (real) of SrTiO3; (undoped, doped and strained).

The dielectric constants for the pristine, doped, and strained SrTiOs are shown in Fig. 5.17 and
Fig. 5.18. As the dielectric constant is directly related to the absorption coefficient, the peaks
of the dielectric constants are in accordance with the absorption coefficient. The value of the
dielectric constants (imaginary) is increased due to the applied strain (Fig. 5.18), which
indicates the low value of the energy of excitation and improves the absorption. The value of
the dielectric constant is highest for the compressive strain of 20%. The strained SrTiOs results
in the border and stable absorption as compared to the pristine structure, which is useful for
optoelectronics applications. The refractive indexes for all the structures of SrTiOs are
calculated from the value of the dielectric function and are represented in Fig. 5.19. As shown
in Fig. 5.19, the refractive index of all the structures of SrTiOs completely follows the trends
of the absorption coefficient and dielectric function. The peak of refractive index for the pristine

SrTiOs is ~3 eV, which is in accordance with the peak of the dielectric constant. After doping,
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the values of the corresponding refractive index are high in the low energy region, and the value

of the refractive index is further increased on the application of the strain.
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Fig. 5.19 Refractive index of SrTiOs (undoped, doped and strained).

The large value of the refracting index corresponds to the large absorption and results in the
long life of the light in the material. Similarly, the low values of the refractive index for high
energy, after the doping and strain, represent the lower absorption. The value of the intrinsic
refractive index is ~2.7 for the pristine SrTiOs, and the same becomes ~7 due to the applied
compressive biaxial strain of intensity 20%. Similarly, the computed value of the intrinsic

refractive index improved due to doping and increased further with strain, having the largest
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value for the compressive strain of 20%. Improvements in the refractive index of SrTiOs due
to the coexistence of doping and strain increase photon absorption, which is favorable for solar

and optoelectronics applications.
5.6 STRUCTURAL STABILITY OF DOPED SRTIO3

To investigate the structural stabilities of doped structures, the total energy calculations are
performed on pristine and doped SrTiOs. The stability of any nanostructure can be effectively
defined by utilizing the formation energy and binding energy. The formation and binding
energy of pure and doped SrTiOs are computed by using the ground state total energy as
illustrated in Table 5.7 with the relation given below [37].

(ET—XEsr—YETi—ZE0—KEM(Au Al Au,Cu)) (5.2)
x+y+z ’

EBinding = -

In the equation given above ET is the computed energy (StrTiO3 and M-SrTiO3), Esr is the
computed energy of Sr, E is the computed energy of O, ETi is the computed energy of Ti, and
Em is the computed energy of the dopant. x, y, z, k, and N are the number of atoms. The

formation energy is calculated by using the equation given below.

Erormation = — (EDoped_EPristinjV_xEM(Au,Al,Au,Cu)) (5.3)
In the equation given above, SrTiOs is the computed energy of doped SrTiOs, Epristine is the
computed energy of pure SrTiOs, and EM is the computed energy of the dopant. x and N are
the total numbers of dopant atoms and the total number of atoms in the nanocrystal,

respectively.

The results of binding energy and formation energy are illustrated in Table 5.7. As shown in
the table, the value of the binding energies is negative for all the structures of SrTiOs, which

indicates the stability in the doped and pristine StTiOs.

Table 5.7 Formation energy of pure and doped SrTiOs.

Structure Total Energy | Binding energy | Formation energy
Pure-SrTiO3 -12239.6 -581.026
Ag- Doped Al- Doped | -14248.96 -683.888 -145.213
-12453.64 -627.449 -88.7743
Au- Doped -14159.82 -678.331 -139.657
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The values of the binding energy of the doped SrTiOs are more negative in comparison to the
pristine SrTiOs, which shows that the doped structures reach more stability. In the doped
structures of SrTiOs, the value of binding and formation energy is the largest negative for the
dopant Cu, which indicates that this structure is highly stable among all the doped structures

and energetically more favorable for doping.

5.7 SUMMARY OF THE IMPORTANT RESULTS

1. First principles DFT (Density Functional Theory) calculations are performed to
investigate the electronic and optical properties of pristine and metal-doped (Ag, Al,
Au, Cu) LiNbOs and SrTiOs under compressive and tensile strain.

2. Doping and strain caused lattice distortions and volume expansion in LiNbOs and
SrTi0s, significantly affecting its crystal structure. These modifications influenced the
electronic and optical properties of the material.

3. The bandgap of pristine LiNbO:s is 3.56 eV, limiting its optical absorption to the UV
region (300-400 nm). Doping significantly reduced the bandgap, enabling absorption
in the visible spectrum.

4. In LiNbOs, the compressive strain (20%) reduces the bandgap of Ag-doped LiNbOs
from 1.78 eV to 0.86 eV, Al-doped from 2.02 eV to 1.33 eV, Au-doped from 1.36 eV
to 1.06 eV, and Cu-doped from 0.96 eV to 0.78 eV. Tensile strain (20%) further lowers
the bandgap for Cu-doped LiNbOs to 0.41 eV, while other dopants show varying
degrees of bandgap reduction, making the material highly tunable for optoelectronic
applications.

5. The absorption spectrum of LiNbO:s shifts towards the visible region under high tensile
and compressive strain, particularly at 20% strain, where the absorption peak reaches
~500k, significantly higher than the unstrained structure. High tensile strain is
especially effective in enhancing visible light absorption, making it a promising
strategy for improving optoelectronic and photovoltaic performance.

6. The bandgap of pristine SrTiO:s is 2.94 eV (GGA calculations), which aligns well with
experimental results (~3.25 eV). Doping significantly reduced the bandgap, with Cu-
doped SrTiOs showing the most substantial decrease.

7. The pristine STO, due to wide bandgap of 2.94 eV, primarily absorb the light in the UV
range. Under strain, the bandgap reduces significantly, facilitating improved absorption
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in the visible range. The combination of doping and strain further lowers the bandgap,
making STO a strong candidate for optoelectronic applications.

In SrTiOs, compressive strain (10% and 20%) significantly increased the absorption
coefficient, with 20% compressive strain shifting the absorption peak of Ag-doped
SrTiOs to ~600 nm (visible region), while Cu-doped SrTiOs exhibited the highest
absorption enhancement. Tensile strain (10% and 20%) generally reduced absorption
intensity, with a lesser impact on shifting the absorption edge.

The study confirms that strain engineering, in combination with metal doping,
effectively modulates the optoelectronic properties of LiNbOs and SrTiOs. The
coexistence of doping and strain tuning resulted in superior visible-light absorption,
with 20% tensile and compressive strain leading to the most significant improvements.
The shift in the absorption spectrum, bandgap narrowing, and enhanced dielectric
properties highlight the potential of strained and doped perovskite (LiNbOs and SrTiOs)

in next-generation solar and photonic devices.
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CHAPTER-6

LAYERING AND STRAIN FOR TUNING THE OPTICAL
PROPERTIES OF MONOLAYERS

Tin-monochalcogenides (SnS, SnSe) and zinc-monochalcogenides (ZnS, ZnSe) are promising
materials for optoelectronic applications due to their tunable bandgaps and strong light
absorption. SnS and SnSe, with their layered structure and high carrier mobility, are excellent
for photodetectors, solar cells, and transistors. Similarly, ZnS and ZnSe, known for their wide
bandgaps and high exciton binding energies, are widely used in UV photodetectors and LEDs.
Applying strain can significantly alter their electronic and optical properties, enabling bandgap
engineering for enhanced absorption in the visible spectrum. Tensile strain typically induces a
redshift, improving absorption in the desired wavelength range, while compressive strain
modifies optical transitions. Additionally, forming heterostructures between Sn- and Zn-based
monochalcogenides can enhance charge separation and broaden spectral response, improving
device efficiency. Strain-engineered heterostructures offer tailored optoelectronic properties,
making them ideal for next-generation photonic and photovoltaic devices with improved

performance and energy conversion efficiency.

“Analysing the structural, electronic, & optical properties of heterostructures of metal
oxides/alkali metals/2D materials and tuning their properties for optoelectronic and

photocatalytic applications.”

The methodology used to achieve desired objective involved following steps: -

e Systematic investigation of the electronic, structural, and optical properties of
monolayers of tin-monochalcogenides (SnS and SnSe) and zinc-monochalcogenides
(ZnS and ZnSe) is performed.

e Further the monolayer of SnS is stacked with SnSe, ZnS, and ZnSe, to form SnS/SnSe,
SnS/ZnS, and SnS/ZnSe to form heterostructures and optoelectronic properties are
calculated.

e Subsequently, to determine the effect of strain, the positive and negative strain of varied
intensities (2%, 5%, and 10%) is applied to the SnSe, SnS, ZnSe, and ZnS monolayers.
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This chapter is divided into five sections, including the introduction in the first section. The
second section provides information on the simulation setup adopted for the calculations.
Following that, in the third section, the SnS monolayer is stacked with the monolayers of SnSe,
ZnSe, and ZnS and the impact of layering on optoelectronic properties is investigated. Further,
the strain is applied on the monolayers of SnSe, SnS, ZnSe, and ZnS and the optical properties

are calculated in section four. Finally, the important outcomes are summarized in section five.

6.1 INTRODUCTION

In recent years, the remarkable optical, electronic, and structural properties of layered two-
dimensional materials, widely known as 2D materials attracted the attention of researchers for
their usability in optoelectronic and photovoltaic applications [157, 244 - 246]. After the
breakthrough of the successful fabrication of the monolayer of graphene in 2014, 2D materials
gained the immense attention of researchers in the domain of nanoelectronics [19, 247]. This
came into being due to the exceptional and distinctive optoelectronic properties of two-
dimensional materials [248, 249]. 2D materials like germane, silene, tin monochalcogenides,
zinc monochalcogenides, and transition metal chalcogenides (TMD) have been widely utilized

in recent times for the fabrication of optoelectronics and photovoltaic devices [250].

With the increasing need for material applications, the functional constraints of single-layer
materials cannot fulfill the intensified and diverse demand of the industry [251, 252].
Additionally, the layered materials exhibit functionalities such as magnetic properties,
conductivity, photocatalytic and semi-conductivity. Due to these reasons, researchers
extensively attempted to focus on modulating the properties of layered materials to cater to the

growing demands of the industry [253].

In the past years, the pathway of modulating the electronic, optical, magnetic, mechanical, and
chemical properties of 2D materials without altering their composition has been identified as a
new aspect of the design of novel functional materials [161]. Over the last few years,
researchers have performed several theoretical and experimental studies to tune the properties
of layered two-dimensional materials by utilizing techniques like the application of external
strain and application of external electric field, doping, and stacking the two-dimensional
materials to form layered structures [82]. Among all the above techniques for altering the
properties of 2D materials for optoelectronics applications, another field of coupling 2D

materials to fabricate heterostructures has evolved drastically in recent times [254, 255]. The
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fundamental principle of making the heterostructure of layered materials is the stacking of two
layers with weak van der Waals (vdW) forces to make a stable structure for various applications
[158]. The heterostructures are fabricated by employing the different layers and overcoming
the limitation of lattice matching, as no defect chemical bonding is required to form a stable

heterostructure [159].

Advantageously, the assembly of materials in the creation of heterostructure does not involve
one-to-one chemical bonding or direct chemical treatment/interaction of the individual
materials [160]. However, it results in the combination of the properties of two monolayers.
Heterostructures with vdW by stacking 2D materials are suitable for various optoelectronic and
photonic applications with modulated interlayer energy of charge separation [158, 160, 162,
255]. It is evident from past studies that the 2D vdW heterostructures demonstrate overall
enhanced characteristics and performance in compression to the single-layer two-dimensional
material [162, 256, 257]. This makes the 2D vdW heterostructure a potential candidate for the
fabrication of optoelectronics, and photovoltaic devices such as phototransistor, photodetector,

solar-cell, and light-emitting-diode [258-260].

As far as the studies of 2D materials are concerned, among the 2D materials, graphene has been
found fascinating in the past few decades and has attracted the attention of researchers due to
its acceptance for various applications [160, 248]. However, the absence of bandgap in the
sheet of graphene has become a prominent hurdle for its applicability in optoelectronic
applications [261]. The zero bandgap of graphene derived the researchers for tuning its bandgap
with external strain, doping, external electric field, and stacking of its two layers for various

applications [160, 162, 262].

Subsequently, it motivated the researchers to find new novel 2D materials and fabricate their
heterostructures for various applications. Many graphene-like materials like transition metal
dichalcogenides (TMDCs), boron nitride, zinc monochalcogenides, tin monochalcogenides,
and graphitic carbon nitrides are investigated by the researchers to find the possibilities of their
wide applications in the domain of optoelectronics. Among all these materials, Group IV
chalcogenide captured the attention due to advantageous properties, such as flexibility,
stability, and moderate bandgap matching with the absorption energy of the incident solar
radiation [162, 263]. These properties of Group IV chalcogenide are advantageous for optical
and solar applications. Among the family of Group IV chalcogenides, the well-known Sn-

monochalcogenides (SnS and SnSe) show very high absorption efficiency due to optimal
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bandgap [264]. The Sn- monochalcogenides are widely utilized in the fabrication of
photodetectors, photovoltaic cells, electrochemical switching devices, lithium-ion batteries,

and thermoelectric devices [265, 266].
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Fig. 6.1 The structure of 2d-monolayers ((a) SnS, (b) SnSe, (c) ZnS and (d) ZnSe) and their heterostructures ((e)
SnS/SnSe, (f) SnS/ZnS and (g) SnS/ZnSe).

The limitation of these materials is their low carrier mobility, which is not favorable for optical
applications. Along with the Group IV chalcogenide, the 1I-VI zinc chalcogenides (ZnS and
ZnSe) are also useful for optoelectronics applications [263]. ZnS with a honeycomb structure
is an excellent choice for optoelectronics applications [267- 269]. The 2D ZnS has a hexagonal
wurtzite phase and stable structure with good absorption ability in the UV region [270, 271].
Experiments show that monolayer ZnS is suitable for optoelectronic applications. However, its
large bandgap limits its optical absorption in the visible spectrum. The monolayer of II-VI zinc
chalcogenides can be stacked for optoelectronic applications by layering them with the Group
IV chalcogenide SnS to build a novel bilayer heterostructure for optoelectronics applications

such as light-emitting devices, photodetectors, and solar cells.

In the past few years, several researchers attempted to build the heterostructures of monolayers
of various elements to tune the properties for optoelectronic applications. The primary aim was
to narrow down the bandgap of the monolayers by the formation of the heterostructures and to
further improve the optical properties. Trung et al. [272] Synthesised the ZnS/ZnO

heterostructure-alloy and explored the structural and optical properties and tuned them by

126



controlling the substrate temperature and indicated potential applications of the ZnS/ZnO

heterostructure alloy in optoelectronic and photonic applications.

Further, Maniyar et al. [161] used density functional theory to investigate heterostructures of
black phosphorene with MoS2, MoSe2, MoTe2, WS2, and WSe2. They found these
combinations enhance UV and visible light absorption, with absorption peaks shifting to lower
energies. This makes them promising for optoelectronics and solar cells. The structures exhibit
type-1I band alignment, beneficial for efficient charge separation in solar energy conversion
and optoelectronic applications. Further, Li et al. [273] investigated a two-dimensional
MoS2/SnS heterostructure via first-principles methods and explored the enhanced
photocatalytic performance, attributing synergistic effects between MoS2 and SnS layers. The
heterostructure demonstrates improvement in the visible light region, which is beneficial for

optoelectronic applications.

Along with layering, strain has also been utilized widely to modify the bandgap and carrier
mobility in past few years, which enables band alignment and introduces new optoelectronic
phenomena in materials [230, 288]. The appropriate value and type of applied strain adjust the
optical absorption toward the lower energies and improve the emission characteristics of
materials for advanced photonic applications. The applied strain also improves the optical
properties, including the dielectric function, absorption coefficient, and refractive index. As per
Kramers-Kronig relations, there is a significant impact of applied strain on the refractive index

of materials.

In recent times, the impact of applied strain on various properties of two-D materials and
TMMCs has been extensively studied for optoelectronic applications. Wang et al. [274]
investigated the impact of strain on the properties of MoS2. The research concluded that the
tensile strain reduces the bandgap, enhancing the absorption in the visible spectrum. Similarly,
Peng et al. [275] reviewed the work based on tuning the optoelectronic properties of TMDCs
and graphene for optoelectronic applications. This tunability of bandgap and optical properties
because of strain accommodates the development of optoelectronic devices, as it allows for the
modulation of light emission properties. Considering strain as an efficient and controllable
method for tuning the properties of materials, strain can be employed on the monolayer of tin
and zinc monochalcogenides for tuning their properties for photonic and optoelectronic

applications.
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6.2 COMPUTATIONAL SET UP FOR CALCULATIONS

In this chapter, the electronic, structural, and optical properties of the monolayers of tin-
monochalcogenides (SnS and SnSe), zinc-monochalcogenides (ZnS and ZnSe), and their
heterostructures (SnS/SnSe, SnS/ZnS, and SnS/ZnSe) are calculated. All the simulations are
performed by utilizing the DFT calculations of the Atomistix Tool Kit. The generalized gradient
approximation (GGA) of Perdew—Burke—Ernzerhof (PBE) is applied for the approximation of
the exchange-correlation energy in all the calculations performed [199, 222, 276]. The
monolayer of SnS is combined with the monolayers of SnSe, ZnS, and ZnSe to form the
SnS/SnSe, SnS/ZnS, and SnS/ZnSe vdW heterostructures. The energy of all the atoms of
monolayers and their heterostructures is relaxed with a force of 0.05 eV. The value of the mesh
cut of is fixed to 150 Ry with 15x15x1 Brillouin- zone sampling k-points for geometry
optimization [200].

In the performed calculations the value of the muffin-tin radii utilized are 2.1 °A, 2.2 °A, 1.9
°A, and 2.1 °A for Zn, Sn, S, and Se, respectively. For the formation of vdW interactions, the
semi-empirical Grimme DFT-D2 are selected for corrections as the same are not defined in the
PBE function [277]. Electronic parameters are -calculated by applying the GGA
approximations. However, DFT along with meta-GGA combined with Tran and Blaha (TB09)
with 15x15x1 Brillouin-zone sampling k-points is applied for performing the precise
calculations of optical parameters [201]. The equation of Kubo-Greenwood given below is

utilized to calculate the value of the susceptibility tensor [270].
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To analyze the stability of the heterostructures, the binding energy is also calculated using the
equation illustrated below.

_ E—(E1-E3)

Ep N

(6.2)

In the above equation, E is the total energies of SnS/SnSe, SnS/ZnS, and SnS/ZnSe
heterostructure, E1 is the total energy of free-standing SnSe, ZnS, and ZnSe, and E2 is the total

energy of SnS monolayer. N represents the total number of atoms in the heterostructure.
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Further, to modulate the properties of SnS, SnSe, ZnS, and ZnSe, strain is applied. For applying

the compressive and tensile strain on the perovskites, the equation illustrated below is utilized.
£= “;—goxwo% (6.3)

In the equation given above, ao is the value of the lattice constant perovskite (relaxed and
without strain), and a represents the lattice constant after the application strain. The positive

value of € represents the tensile strain, and the negative value represents the compressive strain.

6.3 IMPACT OF LAYERING ON PROPERTIES OF MONOLAYERS

In this section of the chapter, the structural, electronic, and optical properties of the monolayers
SnS, SnSe, ZnS, and ZnSe are elucidated. Further, the impact of the formation of the
heterostructure of SnS with SnSe, ZnS, and ZnSe is also analyzed in detail along with the

applicability of the formed heterostructures in optoelectronic and solar applications.
6.3.1 Electronic and structural properties of monolayers and formed heterostructures

To develop the heterostructures of monolayers of SnS with SnSe, ZnS, and ZnSe, the structural
properties of the monolayers of tin-monochalcogenides (SnS and SnSe) and zinc-
monochalcogenides (ZnS and ZnSe) are calculated. The calculated values of the lattice
constants for the monolayers of SnS, SnSe, ZnS, and ZnSe are tabulated in Table 6.1. The
values of the lattice constant are consistent with the results of previous studies [264-268, 278-
281]. Further, the monolayer of SnS is combined with SnSe, ZnS, and ZnSe to build the
heterostructures SnS/SnSe, SnS/ZnS, and SnS/ZnSe.

The monolayers and formed heterostructures are relaxed for the geometry optimization to
reduce the forces on the atoms. The lattice mismatch of the monolayer of SnS with SnSe, ZnS,
and ZnSe is evaluated and found +4.27% -3.81% and +1.01% respectively. These calculated
values of lattice mismatch are within the acceptable range of experimental synthesis required
for the formation of heterostructures [82, 161]. The acceptable range lattice mismatch is an
indication of the low impact of the induced strain on electronic properties due to the formation
of heterostructure. The interlayer spacings of the optimized heterostructures of SnS/SnSe,

SnS/ZnS, and SnS/ZnSe are 2.96 ("A), 3.71 ("A), and 2.88 (*A), respectively.

To investigate the electronic behavior of the monolayers of SnS, SnSe, ZnS, and ZnSe, the

bandgap is calculated. Further, the bandgap of the heterostructures SnS/SnSe, SnS/ZnS, and
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SnS/ZnSe are also calculated to investigate the effect of heterostructure formation on the
bandgap of monolayers. It is found from the calculated results that the bandgap of the
monolayers of SnS, SnSe, ZnS, and ZnSe are 1.70 eV, 1.46 eV, 2.35 eV, and 1.46 eV,
respectively. All the calculated values of the bandgap of the monolayers agree with the values

calculated in previous studies [264-268, 278-281].

The bandgap of the SnS/SnSe heterostructure is 1.04 eV. However, the value of the bandgap is
0.6 eV and 0.9 eV for the SnS/ZnS and SnS/ZnSe heterostructures, respectively. It is observed
that the bandgap is significantly narrowed due to the formation of the heterostructure of SnS
with SnSe, ZnS, and ZnSe. The formation of heterostructures can find potential applications in
optoelectronics, which is a simple p-n junction device. The applicability of these formed

heterostructures in optoelectronics is dependent on their light absorption capabilities.

Table 6.1 Lattice constant and bandgap of the monolayers and heterostructures.

Structure Lattice constant a(A°) Bandgap (eV) References
SnS 3.957 1.70 [264]
SnSe 4.126 1.461 [264- 266]
ZnS 3.806 2.35 [266, 268]
ZnSe 3.997 1.46 [266]

SnS/SnSe 3.957 1.04 [282]

SnS/ZnS 4.126 0.6 [283]

SnS/ZnSe 3.806 0.9 [284]

Therefore, the analysis of the optical properties of the formed heterostructures is performed in
the next section. The decrease in bandgap is very significant for the heterostructures SnS/ZnS
and SnS/ZnSe due to the combined properties of zinc and tin, which is an indication of the
improvement in optical absorption in the visible region. This lowering of the bandgap due to
the formation of heterostructure opens up the possibility of further improvement in the optical

properties for optoelectronic applications.

It can be seen from the results of the absorption coefficient elucidated in the next section that
the formation of heterostructures will result in high and wide absorption in visible region
compression to the individual monolayers due to the bandgap lowering. The lowering of the
bandgap is responsible for the direct excitement of the photogenerated electron from the

conduction band of SnS to the valance band of SnSe, ZnS, and ZnSe, subsequently improving

130



the visible light absorption. The interlayer distances are calculated for all the heterostructures
to investigate the interlayer atomic interactions and their influence on the bandgap. The
interlayer distances for the SnS/SnSe, SnS/ZnS, and SnS/ZnSe heterostructures are 2.93 A,
2.76 A, and 2.75 A, respectively.

The interlayer distance for SnS/SnSe is the largest at 2.93 A, indicating a relatively weaker
interaction compared to the shorter distances of 2.76 A for SnS/ZnS and 2.75 A for SnS/ZnSe.
Notably, SnS/SnSe exhibits a strong binding energy of -228.38 meV, suggesting robust
interlayer interactions that enhance its structural stability. In contrast, SnS/ZnS presents a
binding energy of 0.055 meV, indicating weak interactions and potential instability, which
likely leads to its lowest bandgap of 0.6 eV. SnS/ZnSe, with a binding energy of -8.93 meV,
shows moderate stability and an intermediate bandgap of 0.9 eV. These results indicate a clear
trend: stronger interlayer interactions correlate with higher bandgap values. The significant
bandgap of 1.04 eV in SnS/SnSe, linked to its favourable binding energy, highlights its potential

for optoelectronic applications.
6.3.2 Optical properties of monolayers and formed heterostructures

In this segment, the optical properties of monolayers of tin-monochalcogenides (SnS and
SnSe), zinc-monochalcogenides (ZnS and ZnSe), and their heterostructures (SnS/SnSe,
SnS/ZnS, and SnS/ZnSe) are investigated. In optical properties, the absorption coefficient,
dielectric function, and refractive index are calculated and analyzed. To understand the optical
behavior of all the monolayers and heterostructures, the absorption coefficient is plotted for
different values of energy and wavelength [158, 285]. The other optical properties (dielectric

function, and refractive index) are calculated and plotted for varying energy.

The optical properties are plotted along all the tensors (xx, yy, and zz). However, the
discussions of the calculated and plotted properties are carried out along the x tensor only, and
properties along two other tensors (y and z) can be interpreted in the same way [208]. The
calculated values of the energy-dependent dielectric constant for monolayers SnS, SnSe, ZnS,
and ZnSe and their heterostructures SnS/SnSe, SnS/ZnS, and SnS/ZnSe are plotted in Fig. 6.2
and Fig. 6.3. The dielectric constant of any material is a representation of its capacity to store
energy. It also indicates the interaction of the light with the material when propagating through

it [157].
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The real part of the dielectric constant is the measurement of the polarization and dispersion of
the light in the material. However, the imaginary part is a measurement of energy absorption
and represents the absorption capacity of the material [82, 157]. The presence of negative
values for the real part of the dielectric constant (see Fig. 6.2) can lead to novel optical and
electronic effects, such as enhanced light absorption, modified electronic properties, and

unique interface interactions (plasmonic effect) in the monolayer of SnS, SnSe, ZnS, and ZnSe.

The SnS, SnSe, ZnS, and ZnSe are not typically plasmonic materials on their own, in certain
conditions or when engineered at the nanoscale due to quantum size effects or surface plasmon
resonances, they might exhibit behaviors where the real part of the dielectric constant can
become negative. In the monolayers and formed heterostructure, the presence of negative
values for the real part of the dielectric constant can lead to novel optical and electronic effects,
such as enhanced light absorption, modified electronic properties, and unique interface

interactions.
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Fig. 6.3 Imaginary part of dielectric constant for monolayers (SnS, SnSe, ZnS and ZnSe) and their heterostructures
(SnS/ SnSe, SnS/ZnS and SnS/ZnSe).

It can be observed from Fig. 6.3 that for the monolayer of tin-monochalcogenides (SnS and
SnSe), all the peaks of the imaginary dielectric constant are in the range of 1.5 to 5.0 eV. The
strongest peak appears around 3.0 eV and 2.5 eV for SnS and SnSe, respectively. It is observed
that the peaks of the imaginary dielectric constants are in lower energy ranges for both SnS and
SnSe monolayers. However, for the monolayers of tin-monochalcogenides (ZnS and ZnSe),
the peaks of the imaginary dielectric constant are found in the higher energy ranges, i.e., from

3.0to 10 eV.

The strongest peak is seen around 8.0 eV for ZnS and around 4.0 eV for ZnSe. These calculated
values of the imaginary dielectric constant for the monolayers are in accordance with previous
results of various studies. It is evident from Fig. 6.3 that the tin-monochalcogenides have peaks
of 1imaginary dielectric constant in lower energy ranges. However, the zinc-
monochalcogenides have peaks in higher energy ranges. The peaks of imaginary dielectric

constants in higher energies are undesirable for optoelectronic applications.
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Fig. 6.4 Energy dependent absorption coefficient for monolayers (SnS, SnSe, ZnS and ZnSe) and their
heterostructures (SnS/ SnSe, SnS/ZnS and SnS/ZnSe).

For heterostructures SnS/SnSe, SnS/ZnS, and SnS/ZnSe, as shown in Fig. 6.3, the peaks of
imaginary dielectric constant are in the range of 1.0 to 4.0 eV, with the highest peak around 2.0
eV for all the heterostructures. The edges of the imaginary dielectric constant for all the
monolayers and their heterostructures agree with their calculated bandgap. Due to the
formation of heterostructures (SnS/SnSe, SnS/ZnS, and SnS/ZnSe), the peaks of the imaginary
dielectric constant are found to be shifted towards the lower energy ranges due to the combined
properties of monolayers of tin and zinc. Further, due to the formation of heterostructures, the
value of binding energy becomes smaller in comparison to the individual monolayers, which

results in more absorption in lower energy ranges.

The energy-dependent absorption coefficients for the monolayers SnS, SnSe, ZnS, and ZnSe
and their heterostructures SnS/SnSe, SnS/ZnS, and SnS/ZnSe are shown in Fig. 6.4. It can be
seen from Fig. 6.4 that for the monolayers SnS and SnSe, absorption the absorption is in the
range of 1.5-6.5 eV (lower energies). However, for ZnS and ZnSe, the absorption is in the range
0f 4.0-14 eV (higher energies). The peaks of the absorption for the heterostructures SnS/SnSe,
SnS/ZnS, and SnS/ZnSe are in the range of 1.0-6.5 eV (lower energies). The peaks of
absorption appear in lower energy ranges for heterostructures, which indicates that more

photons are absorbed in the visible region due to the formation of heterostructures or redshift.
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The absorption peaks of the heterostructures are consistent with the imaginary dielectric

constant shown in Fig. 6.3.
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Fig. 6.5 Wavelength dependent Absorption coefficient for monolayers (SnS, SnSe, ZnS and ZnSe) and their
heterostructures (SnS/ SnSe, SnS/ZnS and SnS/ZnSe).

The wavelength-dependent absorption coefficients of the monolayers of SnS, SnSe, ZnS, and
ZnSe and their heterostructures SnS/SnSe, SnS/ZnS, and SnS/ZnSe are shown in Fig. 6.5. It is
evident from the figure that the absorption of the tin-monochalcogenides (SnS and SnSe) is
mostly in the UV region (100 to 300 nm), with small absorption in the near-visible region (380
to 500 nm). It can be indicated from the results of optical absorption that monolayers of the
SnS and SnSe have high absorption in the unwanted UV region. This high absorption in the

UV region is responsible for the high heating and low power efficiency.

For the zinc-monochalcogenides (ZnS and ZnSe), the absorption is negligible in the visible
region, with most of the absorption in the UV region only (50 to 205 nm). It can be seen from
Fig. 6.5 that for the heterostructures SnS/SnSe, SnS/ZnS, and SnS/ZnSe, the absorption is
found to be shifted towards the visible region (350 to 650 nm) in compression to the monolayers
of SnSe, ZnS, and ZnSe. The heterostructures SnS/SnSe, SnS/ZnS, and SnS/ZnSe have stable
and high absorption in the visible range, which indicates that the absorption is largely shifted
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towards the visible region or larger wavelength (redshift) due to the formation of
heterostructures. The stable and broader absorption in the visible region of heterostructures is
useful in optoelectronic and photovoltaic applications. Furthermore, it is found from the
calculated optical properties that the monolayers SnS and SnSe and the heterostructures
SnS/SnSe and SnS/ZnS have overlapping of the YY and XX tensors. However, the ZZ tensor
is not overlapping. This indicates the anisotropic or isotropic behavior of the monolayers SnS

and SnSe and the heterostructures SnS/SnSe and SnS/ZnS [286, 287].

(a) SnS Fn’r

Refractive index (n)

05

1 2 3 4 5 6 7 8 9 10
Energy (eV)

(c) ZnS l":;'

(b) Snse | —% (d) Znse [ =¥ ]

= NN
o °o @

Refractive index (n)
5

0.5 05

Energy (eV)

(e) SnS-SnSe | —&

8 10 12 14 16 18
Energy (eV)

8 10 12 14 16 18 20
Energy (eV)

(f) SnS-Zns [ —%

(9)SnS-ZnSe  —u

°

Refractive index (n)

1 2 3 4 5 6 7 8 9 10 G PR S
Energy (eV)

7 8 9 10 ’ 12 3 4 5 6 71 8 98 10

4 g 6
Energy (eV) Energy (eV)

Fig. 6.6 Refractive index for monolayers (SnS, SnSe, ZnS and ZnSe) and their heterostructures (SnS/ SnSe,
SnS/ZnS and SnS/ZnSe).

The values of refractive index vs energy for the monolayers SnS, SnSe, ZnS, and ZnSe and
their heterostructures SnS/SnSe, SnS/ZnS, and SnS/ZnS are plotted in Fig. 6.6. It can be seen
from the figure that the peaks of the refractive index are in line with the peaks of the absorption
coefficient and the real dietetic constant. The peaks of the refractive index for the monolayers
SnS and SnSe are found between 1.5-3.5 eV. For the monolayers ZnS and ZnSe, the peaks are
between 2.8-6.0 eV. The highest peak of refractive index is around 2.0 eV for the monolayers

SnS and SnSe and around 4.0 eV for the monolayers ZnS and ZnSe.

For the formed heterostructures SnS/SnSe, SnS/ZnS, and SnS/ZnSe, the major peaks of the

refractive index are in lower energies with highest peaks around 2.0 eV, 1.5 eV, and 1.0 eV,
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respectively. The value of the refractive index is increased due to the formation of
heterostructures, which indicate that the incident light will propagate longer and will result in
high absorption of the photon in the visible region. The increased value of the refractive index

due to the formation of heterostructure is favorable for optoelectronic applications.

6.4 IMPACT OF STRAIN ON PROPERTIES OF MONOLAYERS

In this section, the effect of strain of varied intensity on various optoelectronic properties of tin
and zinc monochalcogenides monolayers are investigated by employing density functional
method. To determine the effect of strain, the positive and negative strain of varied intensities
(2%, 5%, and 10%) is applied to the SnSe, SnS, ZnSe, and ZnS monolayers. The bandgap is
calculated to evaluate the electronic structure, and the refractive index, absorption coefficient,
and dielectric function are calculated for analyzing the optical behavior. The one-to-one
comparison of the electronic properties and optical properties of unstrained monolayers with

strained monolayers is performed to analyze the effect of strain.
6.4.1 Strain engineering of the electronic and structural properties of monolayers

The bandgap for the SnSe, SnSE, ZnSe, and ZnS under tensile strain and compressive strain of
varied intensities (2%, 5%, and 10%) is illustrated in Table 6.2. As illustrated in Table 6.1, the
computed values of the bandgaps for the unstrained SnS, ZnS, SnSe, and ZnSe monolayers are
1.70 eV, 2.35 eV, 1.46 eV, and 1.46 eV, respectively. Upon the application of strain, there is a
change in the lattice constants of all the monolayers, which alters the overlapping of orbits and
ultimately affects bandgap values. Subsequently, the applied strain enables the lessening of the
bandgap in the monolayers for most of the values and types of the applied strain, which

eventually results in the shifting of absorption towards the high wavelengths (redshift).

On the application of strain, the SnS monolayer undergoes a reduction in the bandgap under
the applied compressive strain of 2% (1.7033 eV to 1.6 eV). Which is further decreased to 1.36
eV and increased to 1.78 eV for the applied compressive strains of 5% and 10% respectively.
This originates due to the possible structural alteration at a large value of strain. Conversely,
for the tensile strain, the bandgap is elevated to 1.86 eV for 2% and to 1.99 eV for 5%, thereafter
reducing to 1.64 eV for 10% tensile strain. Which represents initial expansion of the bandgap
followed by a reduction at high strain. In SnSe there is a reduction in the bandgap for the
applied strain of compresive type with inetnsities 2% and 5%, and the value bandgap is elevated

for the high value of compressive strain. SnSe exhibits an increase in bandgap for the applied
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tensile strain of 2% and 5%, followed by a decrease at 10% tensile strain, indicating a
complicated reaction where high strain ultimately reduces the bandgap.
In ZnS, the applied compressive strain increases the bandgap from 2.35 eV (pristine) to 2.46
eV and 2.58 eV for the applied strain of compressive type with intensities 2% and 5%
respectively. Due to applied tensile strain, the bandgap is reduced for the strain of 2%, 5%, and
10%. Moreover, the monolayer of ZnSe followed the same variation in the bandgap upon the

applied strain as ZnS.

Table 6.2 Bandgap (eV) of strained monolayers.

Monolayer Compressive Tensile
2% | 5% | 10% | 2% | 5% | 10%
SnS 1.6 | 1.36 | 1.78 | 1.86 | 1.99 | 1.64
SnSe 1.11 | 0.81 | 1.23 | 1.53 | 1.83 | 1.49
ZnS 246 | 2.58 | 2.53 | 2.17 | 1.82 | 1.35
ZnSe 1.58 | 1.7 | 1.53 | 1.29 | 0.96 | 0.58

Overall, the applied compressive strain leads to the widening of the bandgap for SnS and ZnS,
while tensile strain increases the bandgap for SnS and SnSe but reduces it for ZnS and ZnSe.
These findings align with the typical behavior of semiconductors under strain, where
compressive strain tends to enhance the bandgap and tensile strain tends to narrow it. There is
a widening of the bandgap in SnS and SnSe under tensile strain, notably for the low strain of
2%, due to the separation between the bands. Conversely, ZnS and ZnSe show a significant
narrow downing of the bandgap under tensile strain. The results deduce that the applied strain
may induce a metallic or semi-metallic transition, predominantly for the high value of the
applied strain. The calculated results correspond with the conventional behavior of materials
under strain, wherein compressive strain generally increases the bandgap and tensile strain
typically reduces it. The narrow downing of the bandgap under strain may be favorable for the

improvement in visible region absorption, which is investigated in the next section.
6.4. 2 Strain engineering of the optical properties of monolayers

To evaluate the effect of applied strain on optical absorption, the compressive and tensile strain

(2%, 5%, and 10%) is applied on the monolayers of SnSe, SnS, ZnSe, and ZnS. Further, the
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energy-dependent and wavelength-dependent absorption coefficients for the unstrained SnS
monolayer along with strained SnS monolayer are illustrated in Fig. 6.7. As shown in Fig. 6.7
(a), for the unstrained SnS, the absorption begins from ~1.7 eV, which resembles its bandgap
with peaks in the 1.7-6.5 eV energy range. The largest absorption peak of SnS is located in the
area of high energy around ~5 eV. Due to the applied strain of both type (compressive and
tensile), there is a notable shifting in the absorption towards the low energy ranges. The
magnitude of the shifting is largest for the 5% compressive strain and 10% tensile strain applied
on SnS, which opens a possibility of finding maximum augmentation in the visible absorption.
The wavelength-dependent absorption for the unstrained SnS monolayer is plotted in Fig. 6.7
(b). As shown in Fig. 6.7 (b), the wavelength-dependent absorption for unstrained SnS is found
in the ~150- 600 nm range with the maximum part of absorption located in the undesired ultra-
violate region. When the strain of intensities 2%, 5%, and 10% of both types (compressive and
tensile) is applied on the SnS, the absorption is noticed utterly shifted in the visible spectrum,
and existence of redshift is observed. For the compressive strain of 5% and tensile strain of
10%, the most of the absorption of ultraviolet region is found shifted towards the desired visible

spectrum, which is in line with the energy-dependent absorption.
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Fig. 6.7 Absorption coefficient of unstrained and strained SnS monolayer (C: Compressive strain and T: Tensile
Strain).
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For SnSe, energy and wavelength-dependent absorption coefficients are shown in Fig. 6.8. As
shown in the figure, the absorption begins from the low energy value around ~1.5 eV for
unstrained SnSe, with peaks located in the ~1.5 to 5.5 eV energy range, with the location of
highest peak at 4.5 eV. As shown in Fig 6.8 (b), the wavelength-dependent optical absorption
is largely available in undesired ultra-violate region for unstrained SnSe. The imposed strain
on SnSe results in shifting of the peaks of absorption from higher to lower energies with the
largest peaks located in 2.0-3.0 eV range. This shift is observed for all the intensities of applied

compressive and tensile strain.
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Fig. 6.8 Absorption coefficient of unstrained and strained SnSe monolayer (C: Compressive strain and T: Tensile
Strain)

Furthermore, as shown in Fig. 6.8, the wavelength-dependent visible region absorption is also
improved for the applied tensile strain and compressive strain compared to the unstrained SnSe.
This improvement is highest for the high intensities of strain with the existence of the redshift

phenomena. Conclusively, the high intensity of compressive and tensile strain results in
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maximum redshift in optical properties of SnSe and SnS, shifting absorption and emission
towards longer wavelengths. This tunability of optical properties enhances the suitability of
SnSe and SnS monolayer for optoelectronic applications like infrared detectors, LEDs, solar,

and photodetectors.

The energy and wavelength-dependent absorption coefficient for the monolayer of ZnS
(unstrained and strained) is plotted in Fig. 6.9. In the monolayer of ZnS, due to the exitance of
a wide bandgap (2.35 eV), a very high amount of absorption is available in the UV range (100-
400 nm). Undesirably, due to wide bandgap of ZnSe and ZnS, there is a nonexistence of
absorption peaks in the visible range. It is discovered from the results that the monolayer of
ZnS can only absorb the photon of UV wavelengths, which limits its usability for
optoelectronic applications. Due to the high bandgap, only the photons of UV energy can jump
from the valance band to the conduction band. However, the photons of visible energy fail to

cross it due to low energies.
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Fig. 6.9 Absorption coefficient of unstrained and strained ZnS monolayer (C: Compressive strain and T: Tensile
Strain)
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As shown in Fig. 6.9, the absorption in unstrained ZnS starts from ~2.3 eV with the largest
peak of absorption located around ~9 eV. On the applied strain of compressive and tensile type
with varied intestines, it is observed that the absorption peaks are predominantly found shifted
towards lower energies. The highest peaks of absorption are located at ~6.5 eV, ~6 eV, and ~5.5
eV for compressive strain of intensities 2%, 5% and 10%, respectively. For the applied tensile
strain of 2%, 5%, and 10%, the absorption peaks are at ~6.5 eV, ~6 eV, and ~4.5 eV,
respectively. Furthermore, the wavelength-dependent absorption of the ZnS monolayer is

primarily in the lower wavelength region (~0 to 300 nm).

Upon the applied strain, the most of the peaks of absorption of ZnS is found shifted from
ultraviolet region to the visible region. For the low intensity of compressive and tensile strain
of 2%, the non-zero absorption is noticed only in some portions of the visible region (~300 to
600 nm) with absorption peak of value ~150 k (see Fig. 6.9 (d) and (f)). Further, the ZnS
monolayer applied with tensile strain of intensity 5%, exhibit non-zero absorption in the visible
range till ~650 nm with a max absorption value of ~200 k. Advantageously, the high value of
tensile strain (10%), exhibit non-zero absorption in the entire visible region with a maximum
value of ~200k around ~400 nm. For strain of compressive type with intensities 5% and 10%,
a slight improvement in visible region absorption is observed in compression to the unstrained

7nS.

Similarly, the wavelength and energy-dependent absorption for ZnSe are elucidated in Fig. 6.10
For the unstrained monolayer of ZnSe, absorption is only available in the high energy ranges
with an absorption peak located around ~8ev (see Fig 6.10 (a)). Due the strain, the shifting of
absorption is observed towards the lower energy ranges. As elucidated in Fig 6.10 (b), the
wavelength-dependent absorption of ZnSe is primarily located in the ultra-violate region with
zero visible region absorption. For the tensile strain and compressive strain of low intensity
(2%), there is significant reduction in the absorption available in the undesired UV region. The
non-zero absorption peaks are located in 400 to 700 nm range (viable region) with highest peak
of value ~100k. For compressive and tensile strain of intensity 5%, further improvements in
the visible region absorption are noticed and an absorption peak of value ~150 k found in the

visible region.
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Fig. 6.10 Absorption coefficient of unstrained and strained ZnSe monolayer (C: Compressive strain and T:
Tensile Strain)

Furthermore, the high intensity of tensile strain of 10%, the maximum redshift is observed in
ZnSe with an absorption peak of value ~350k at ~450 nm. Conclusively, in ZnS and ZnSe, the
applied strain-induced bandgap reduction results in the shifting of absorption peaks towards
lower energies (red-shift). Additionally, the applied strain modulates the bandgap, reduces the
UV absorption, and aids the broader and more significant absorption in the desired visible
range, predominantly for the high intensity of tensile strain which is favorable for

optoelectronic applications.

The real part and imaginary part of energy-dependent dielectric function are plotted in Fig. 6.11
and 6.12. The real part defines the polarization phenomena and is directly aligned with the
refractive index. On the other hand, the imaginary part describes the energy absorption and is
associated with the absorption coefficient. It is discovered from the plotted graphs that the real
dielectric function corresponds to the refractive index, nevertheless, the imaginary part is lined

up with the absorption coefficient. As shown in Fig. 6.12, the strongest peaks of the imaginary
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part are located at ~2.5 eV, ~2.7 eV, ~7.0 eV, ~7.5 eV. for SnSe, SnS, ZnSe, and ZnS,

respectively.

For all the unstrained monolayers, the imaginary dielectric function is primarily non-zero in
the high energy region and follows the trend of the absorption. On applying strain, the non-
zero values of imaginary dielectric function start from the lower energy with peaks significantly
shifted toward the lower energies (visible region). Similarly, the real part of dielectric function
in plotted in Fig. 6.11. The peaks of refractive index translate into the peaks of real part of
dielectric function. There is a notable shifting in the peaks towards the lower energies due to

the application of strain in compression to the constituent unstrained monolayer.
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Fig. 6.11 Real Dielectric function: SnS, SnSe, ZnS and ZnSe monolayers.
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The refractive index for the unstrained and strained SnSe, SnS, ZnSe, and ZnS is plotted in Fig.
6.12. The dielectric function is utilized to calculate the values of refractive index and the peaks
of the refractive constant follow the real dielectric function. As illustrated in Figures 6.12 (a)
and 6.12 (b), SnS and SnSe have peaks of refractive index are located in the range 1.5-3.5 eV.
The highest peak is located at ~2.5 eV for both the monolayers. For ZnS and ZnSe monolayers
(figure 6.12 (e) and 6.12 (1)), the refractive index peaks are available between 2.8—6.0 eV with
the highest peaks at ~1.5 eV and 1 eV, respectively. Due to stain, refractive index of SnS is
shifted towards lower energies. This shifting is highest in the case of high-intensity tensile
strain of 10% and compressive strain of intensity 5%. A similar impact of the application of

stain on the refractive index of the SnSe monolayer is observed.
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Fig. 6.12 Imaginary Dielectric function: SnS, SnSe, ZnS and ZnSe monolayers.
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In ZnS and ZnSe monolayers, strain shift the peaks of refractive index in lower energies along
with some peaks in the high energy range which represent the non-zero infrared absorption.
Certainly, due to applied strain on the monolayer of SnSe, SnS, ZnSe, and ZnS, the refractive
index peaks shift toward low energies, enhancing light retention and absorption in the desired

visible range and ultimately improving utilization in optoelectronic applications.

6.5 SUMMARY OF THE IMPORTANT RESULTS

1. DFT calculations are executed to investigate the electronic, structural, and optical
properties of monolayers of tin monochalcogenides (SnS and SnSe) and zinc
monochalcogenides (ZnS and ZnSe).

2. Further, the monolayer of SnS is stacked with monolayer SnSe, ZnS, and ZnSe to form
the heterostructure SnS/SnSe, SnS/ZnS, and SnS/ZnSe, and the effect of stacking on
electronic, structural, and optical properties is analyzed.

3. ltis found from the calculated results that the bandgap of the monolayer of SnS, SnSe,
ZnS, and ZnSe are 1.70 eV, 1.46 eV, 2.35 eV, and 1.46 eV, respectively. However, due
to the formation of the heterostructure, the bandgap is narrowed down to 1.04 eV, 0.6
eV, and 0.9 eV for the SnS/SnSe, SnS/ZnS and SnS/ZnSe, respectively.

4. The monolayer of ZnS and ZnSe have zero absorption in the visible region. Due to the
formation of the heterostructure of SnS with SnSe, ZnS, and ZnSe, the absorption is
improved significantly in the visible spectrum (380 to 700 nm).

5. The shifting of the absorption towards the higher energies due to the formation of
heterostructure is an indication of the existence of redshift in the formed
heterostructures.

6. The narrowed bandgap and improved optical properties due to the formation of the
heterostructure SnS/SnSe, SnS/ZnS, and SnS/ZnSe advocate their usefulness in the
fabrication of optoelectronic, photovoltaic, and solar devices.

7. Furthermore, the impact of compressive strain and tensile strain on the optical
properties and electronic properties of monolayers of tin and zinc monochalcogenides
are examined.

8. The applied tensile strain and compressive strain (2%, 5%, and 10%) on the monolayers
resulted in a significant reduction in the bandgap across all the monolayers.

9. Furthermore, the absorption shifts towards the lower energies, giving rise to the red-

shift phenomenon under the applied strain.
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10.

11.

12.

The effect of strain on SnS monolayers reveals a shift in optical absorption. Unstrained
SnS absorbs in the ultraviolet region (~150-600 nm, ~1.7-6.5 eV). Applying 2%, 5%,
and 10% strain\ (compressive/tensile) shifts absorption into the visible spectrum, with
5% compressive and 10% tensile strain causing the most significant redshift.

The absorption in unstrained ZnS begins at ~2.3 eV, peaking around ~9 eV. Applied
compressive and tensile strains shift absorption to lower energies, with peaks at ~4.5-
6.5 eV. Strain also moves absorption from the ultraviolet to the visible spectrum, with
10% tensile strain enabling continuous absorption across the visible range (~300-650
nm).

The sifting is very significant in the case of a high value of applied strain. The lessening
of the bandgap and improvements in the visible region absorption due to applied strain,
advocate the potential applicability of the strained SnSe, SnS, ZnSe, and ZnS for

various optoelectronic applications.
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CHAPTER -7
CONCLUSIONS AND FUTURE SCOPE

Oxide perovskites, particularly SrTiOs (STO) and LiNbO3, exhibit unique structural, electronic,
and optical properties that make them highly suitable for optoelectronic applications. SrTiOs is
a wide-bandgap semiconductor (2.94 eV) that primarily absorbs in the UV region, while
LiNbO:s has an even larger bandgap of 3.56 eV. However, their inherent limitations in visible-
light absorption necessitate bandgap engineering through doping and strain modulation to
expand their application potential. The tunability of SrTiOs and LiNbOs makes them highly
promising for various optoelectronic applications. In solar cells, metal-doped STO is used as a
photoanode due to its ability to absorb visible light efficiently and facilitate charge transfer

processes.

LiNbOs, with its strong nonlinear optical properties, is employed in second-harmonic
generation and electro-optic modulators, enhancing laser technology and optical
communication. The oxide perovskite has immense potential in advancing optoelectronics,
photovoltaics, and sustainable energy solutions, reinforcing their role as key materials for next-
generation electronic and photonic technologies. In this chapter, the key findings of all the
preceding chapters are summarized in section 7.1. Further, in section 7.2, the future scope for

further research and development is elaborated.
7.1 CONCLUSIONS

This work has presented the density functional theory (DFT) analysis of pristine and metal-
doped LiNbOs reveals significant improvements in its electronic and optical properties. The
large bandgap of pristine LiNbOs limits its absorption to the UV region, but doping with metals
such as Au, Ag, Al, Cu, Fe, Mn, Mo, and Ni effectively reduces the bandgap, shifting absorption
into the visible spectrum. This bandgap reduction is most pronounced in Mo-doped (0.61 eV)
and Mn-doped (0.72 eV) LiNbOs;, making them particularly suitable for optoelectronic
applications. Plasmonic dopants such as Au and Ag demonstrate remarkable optical

enhancements due to their surface plasmon resonance effects.

Additionally, metal doping induces lattice parameter changes, with Ag and Al showing the

highest unit cell volume expansion. The overall findings indicate that metal-doped LiNbOs
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holds great promise for photonic and optoelectronic applications, with its tunable electronic
and optical properties enabling its potential use in UV photodetectors, optical sensors, and
visible-light-driven technologies.This research explored the investigation into plasmonic-
metal-doped SrTiOs (STO) using DFT first-principles calculations underscores the
transformative effect of Ag, Al, Au, and Cu doping on its structural, electronic, and optical

behavior.

The introduction of these dopants leads to a significant reduction in bandgap, with Ag-STO
(1.57 eV), Au-STO (1.56 eV), and Cu-STO (1.54 eV) displaying the most substantial shifts.
This reduction enhances visible-light absorption, particularly in the 450-700 nm range,
rendering these materials highly efficient for optoelectronic and photocatalytic applications.
The study further establishes that Ag and Au exhibit the highest optical absorption due to their
strong plasmonic effects. Moreover, the alignment of the valence and conduction bands of Ag,
Au, and Cu-doped STO with the water redox potential suggests their viability for photocatalytic
water splitting under visible light. The findings indicate that plasmonic-metal-doped STO not
only enhances absorption in the visible spectrum but also retains its photocatalytic efficiency,

making it a highly promising candidate for solar-driven applications and optoelectronics.

Further the first-principles DFT calculations performed on pristine and metal-doped (Ag, Al,
Au, Cu) LiNbOs and SrTiOs under strain reveal significant modifications in their electronic
and optical properties. Doping introduces lattice distortions, causing volume expansion and
leading to notable bandgap reductions, thereby improving visible-light absorption. For LiNbOs,
compressive and tensile strains further tune the bandgap, with Cu-doped LiNbOs reaching as
low as 0.41 eV under 20% tensile strain, demonstrating high tunability for optoelectronics.
Similarly, strain-induced modifications in SrTiOs result in improved absorption characteristics,
with Ag- and Cu-doped STO exhibiting peak absorption shifts towards the visible region. The
combination of metal doping and strain engineering significantly enhances the optoelectronic
and photocatalytic performance of these materials, offering promising avenues for next-

generation photonic devices, solar cells, and water-splitting applications.

Furthermore, the electronic and optical properties of monolayers of tin and zinc
monochalcogenides (SnS, SnSe, ZnS, and ZnSe) and their heterostructures were analyzed
using DFT calculations. The formation of heterostructures significantly narrows the bandgap
and enhances absorption in the visible spectrum, improving their optoelectronic performance.

The SnS/SnSe, SnS/ZnS, and SnS/ZnSe heterostructures exhibit bandgap reductions to 1.04
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eV, 0.6 eV, and 0.9 eV, respectively, making them ideal for photovoltaic applications. Moreover,
the application of tensile and compressive strain leads to further bandgap tuning and a redshift
in absorption. Strained ZnS and ZnSe exhibit notable absorption shifts from the UV to the
visible range, with 10% tensile strain enabling continuous absorption across 300-650 nm.
These findings highlight the immense potential of strained and heterostructured tin and zinc

monochalcogenides in the development of advanced optoelectronic and solar energy devices.

7.2 FUTURE SCOPE

Based on the research conducted in this thesis and the results reported, several future scopes
can be suggested for further research and development. Future research can focus on the
experimental realization of metal-doped and strain-engineered materials to validate theoretical
predictions. Synthesis techniques such as pulsed laser deposition, sol-gel methods, and
molecular beam epitaxy can be explored to fabricate high-quality doped LiNbOs, SrTiOs, and
monochalcogenide heterostructures. Advanced characterization techniques, including X-ray
diffraction (XRD), Raman spectroscopy, and ultrafast spectroscopy, will be essential to assess
structural, electronic, and optical modifications. Furthermore, investigating the stability of
these materials under varying environmental conditions, such as temperature, humidity, and

prolonged light exposure, will be crucial for their practical applications.

Strain engineering remains a promising strategy for bandgap tuning, but further studies may
explore its application under real fabrication conditions. Investigating strain effects in thin
films grown on lattice-mismatched substrates or through mechanical strain application in
flexible electronic devices can provide deeper insights into strain-induced modifications.
Additionally, combining strain engineering with external electric or magnetic fields may offer
new ways to control electronic transitions and enhance optoelectronic performance. Future
work can also explore the synergistic effects of multiple dopants or defect engineering to

achieve precise control over the optical absorption range and electronic band structure.

Computational advancements can further refine material discovery by incorporating machine-
learning models and high-throughput screening methods. The use of hybrid functionals, many-
body perturbation theory (GW approximation), and time-dependent DFT can provide more
accurate predictions of electronic and optical properties. Expanding research to other
perovskites, transition metal oxides, and layered van der Waals materials can help identify

novel candidates for next-generation optoelectronic and photocatalytic applications.
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Additionally, integrating these materials into real-world devices, such as UV photodetectors,
transparent conductive films, and solar-driven water-splitting systems, will be essential for

transitioning from theoretical studies to practical applications.
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Abstract. Electronic and optical properties of pristine and metal-doped lithium niobate crystals are investigated by
using first-principles DFT calculations. The results on optical properties suggest that there is a shift in the absorption edge
towards visible region (red-shift) for metal-doped structures, in comparison with the pristine lithium niobite. A series of
metals are used for doping and it is found that the absorption edge is shifted significantly to the visible region for the
dopants; gold (Au), silver (Ag), aluminium (Al) and copper (Cu) due to surface plasma resonance. However, for other
metal dopants like iron (Fe), manganese (Mn), molybdenum (Mo) and nickel (Ni), the absorption is slightly improved in
the visible region and red-shift is observed. The bandgap of all the doped structures is found to be reduced, this might be
proven advantageous for photovoltaic applications, which requires high optical absorption in the visible region. The
dielectric constant and refractive index of the pristine and doped structures are also calculated and it is observed that the
absorption trend is in accordance with dielectric constant. The optical absorption is enhanced in the visible region due to
doping of selected metals (M = Au, Ag, Al, Cu, Fe, Mn, Mo and Ni) making M-lithium niobite a promising material for

optoelectronic- and photonic-based applications.

Keywords.

1. Introduction

In 1963, geologist Gustav Rose discovered the mineral
CaTiOs (calcium titanate) in the mountains of Ural. The
mineral was named as perovskite to award the gratitude to
Lev Perovski, a distinguished mineralogist from Russia [1].
Any compound having formula ABC; is named as
perovskite, where B ion surrounds the C ions. Numerous
varieties of electric properties and solid-state behaviours
including: insulating, semiconducting, metallic and super-
conducting are comprehended in the perovskite materials
[2]. Therefore, these compounds are very fascinating for
investigations and are applied to a large variety of appli-
cations. They also exhibit a variety of optical, magnetic and
electronic properties. Most of the elements of the periodic
table are found stable in the perovskite structure [3]. Studies
of these compounds are of great interest owing to their wide
applicability in the photochromic, image storage, elec-
trochromic, filtering, switching and surface acoustic wave
signal processing devices [4,5]. Likewise, they have a
virtuous impact on numerous optoelectronic-, bio-sensing-,
photo-electrolysis-based applications [6]. In recent years, a

Published online: 30 August 2021

Absorption; dielectric function; density function theory; doping; lithium niobate (1iNbos); optoelectronic.

huge interest has developed in the studies of perovskite
materials and investigating their properties for the photonic
and optoelectronic applications. It is due to their
adjustable optical and electrical properties, that too with
mechanical flexibility [7,8]. Furthermore, their high-
absorption coefficient, low diffusion length, excellent
charge transportation and low non-radioactive emission
exceed their utilization for photovoltaic- and optoelec-
tronic-based devices [9-11].

Lithium niobate (LiNbO3) is a notable member of the
perovskite family. It exists in the ferroelectric state and
liable for potential use in the electro-optical and optical
systems due to its extraordinary piezoelectric, electro-opti-
cal, photovoltaic, photo elastic and nonlinear optical prop-
erties [12—14]. The study of LiNbOs; is interesting for the
researchers due to its unique properties that are mainly
determined by its defect structure and composition. Its
optical characteristics can be influenced by the significant
amount of impurity, which can replace Li/Nb ion and can
occupy the octahedral void in the crystal [15]. In the past,
LiNbO; has attracted the attention of the researchers and
manufacturers for optoelectronics-based applications. Javid
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Perovskite

The electronic and optical properties of metal-doped (gold, silver, aluminum, and copper) lithium niobite are
examined by employing density functional theory-based calculations. The metal-doped lithium niobates are
applied with the varying tensile and compressive strain of intensity 10% and 20%. The results indicate that the
bandgap is significantly narrowed down for all the metal-doped structures and this narrow downing of bandgap
increase with the application of strain. The undoped lithium niobate shows absorption only in the UV region of
the optical spectrum. For all the metal dopants the absorption is significantly improved in the visible region of
optical spectrum, which is desired for optoelectronic and photovoltaic-based applications. In all the metal
dopants, specifically, for the dopants silver and gold, due to superior properties, a widespread visible absorption
is found. Further, the application of varying strain on doped lithium niobate results in red-shift, and the ab-
sorption peaks are shifted to lower energies. On application of the tensile and compressive strain of 20%, the
value of the absorption coefficient is remarkably improved in the visible region. The other optical parameters like
dielectric constant and refractive index are also calculated to understand the optical behavior. The improved
visible absorption in the lithium niobite due to the application of strain may find several potential applications in
the field of optoelectronic and photovoltaic applications.

1. Introduction

Perovskites are the compound of structure ABO3, discovered in the
Ural Mountains by Russian mineralogists. In the compound ABO3, A
represents alkali earth metal, B is a member of the family of transition
metal ions and O represents the oxygen atom [1-3]. In the present
scenario, researching eco-friendly lead-free materials has come out as a
fascinating research objective among researchers. In lead-free materials,
niobite-based materials are found to be engrossing and emerged as a
promising material for optoelectronic applications. Perovskites captured
a large interest of the research fraternity for their several applications in
optoelectronic and photovoltaic [4]. These compounds exhibit metallic,
semiconducting, and insulating behavior, which make them attractive
for research and support their applicability for various applications [5,
6]. Perovskites structures can be formed by elements of different sizes
and charges. Perovskites exhibit flexible composition and form stable
structure with most of the elements of the periodic table [7].

* Corresponding author.

Additionally, various properties of the perovskites can be modified by
substitution of A and/or B ion. In the widely available perovskite
structures, lithium niobate (LiNbO3), widely known as LN, is an alkaline
perovskite, which grabbed the huge attention of researchers due to its
versatile properties [8]. LN is a man-made material and was fabricated
in bell laboratory through the well-known czochralski process [9]. It is
generally found in two phases termed as room temperature and
low-temperature phase. In the room temperature phase, LN exhibits
hexagonal or rhombohedral geometry. The LN is largely used in a va-
riety of applications due to its versatile pyrometric, photocatalytic,
electro-optic, piezoelectric, and nonlinear optical properties [10-12].
In recent decades, LiNbO3 has gained the extensive attention of re-
searchers owing to its excellent optoelectronic properties. The LN is a
large bandgap perovskite having the value of bandgap of 3.54 eV at
ambient temperature [13]. Owing to its large bandgap the optical ab-
sorption of LN is entirely limited only in the ultra-violate range of the
optical spectrum (300-400 nm) [14]. Most of the non-zero peaks of the
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Abstract

In this work, first-principles calculations based on density functional theory are presented
to explore the effect of plasmonic-metal doping on structural, electronic, and optical prop-
erties of Strontium Titanate (SrTiO;). All the computations are performed on the ATK-
VNL package with generalised-gradient approximation. The pristine SrTiO; is a wide band
gap material and its absorption is limited to the ultra-violate region only. Therefore, its
absorption can be extended towards the visible region, by reducing the band gap through
doping with plasmonic-metals Ag, Al, Au, and Cu. The computed results reveal that the
absorption for all the plasmonic-metal doped SrTiO; is completely shifted towards the visi-
ble region, resulting in widely known red-shift phenomena. This high absorption in the vis-
ible region makes doped-SrTiO; a potential candidate for optoelectronic applications. The
dielectric constant and refractive index of the pristine and doped structures are also calcu-
lated and it is found that the absorption trend closely follows the dielectric constant. Fur-
thermore, the evaluation of photocatalytic properties is also explored in the doped struc-
tures. Plasmonic-metal doping improves photocatalytic performance for all the dopants
except Al. The doping with plasmonic-metals Ag, Al, Au, and Cu improves the optical
properties (visible light absorption) and photocatalytic properties of pristine SrTiO5, which
opens a new prospect for potential applications in the field of optoelectronics.
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ARTICLE INFO ABSTRACT

Communicated by Prof. Xu Wen In this paper, the first-principles calculations are presented to examine the effect of strain on the electronic and

optical properties of Lithium niobate (LiNbO3). Recent advancements in the use of strain engineering for tuning

Keywords: the properties of the materials advocate investigating the effect of strain on the properties of LiNbOs. In this
A.bs"rpﬁ‘m work, the influence of the strain of varying intensities of 10% and 20% (tensile and compressive) is investigated
I(“;Ntbof rroni on the electronic and optical response of LiNbOs. The LiNbOs is a wide bandgap material with a bandgap of 3.56
P:rg:siicteromcs eV, which can be narrowed down by the application of strain. On the application of a tensile strain of 10%, the

bandgap is reduced to 2.54 eV, which is further reduced to 1.71 eV for the tensile strain of 20%. The optical
absorption which was in the ultra-violate region for unstrained structure is significantly shifted in the visible
region for the applied tensile strain of 10% and 20% (Redshift). For the compressive strain, the bandgap is
increased and the absorption is found more in the UV region (Blueshift). The high absorption in the visible region
due to the application of tensile strain makes the strained LiNbO3 a potential candidate for optoelectronic

Strain engineering

applications.

1. Introduction

Multifunctional materials have always gained the attention of re-
searchers because of their considerable technological, scientific, and
versatile applications [1,2]. Among the wide variety of available
multifunctional materials, perovskites have distinguished and extraor-
dinary properties. Due to this, they came up as the potential material for
numerous optoelectronic, photovoltaic, and photonics-based applica-
tions [3]. The generalized formula to represent any perovskite structure
is ABOs. In the cubical structure of ABO3 perovskite, A-atom generally
occupies the (0,0,0) position, the B-atom occupies the (1/2,1/2,1/2)
position, and the oxygen atom is positioned at the face center i.e., at the
position (1/2,1/2,0). In the ABOs structure, A, and B atoms are the
representation of the cation of unequal atomic radios. A and B atoms can
be from any of the families of metal or semimetal of the periodic table [4,
5]. The large value of the absorption coefficient, exceptional charge
transportation ability, low losses, and high diffusion coefficient claims
the suitability of the perovskites for optoelectronics, and
photovoltaic-based device applications [6]. These materials are widely
accepted in the fabrication of light-emitting diodes, photodetectors, la-
sers, and waveguides. In the wide availability of perovskites, lithium

* Corresponding author.

niobite (LiNbO3), widely known as LN, is a ferroelectric oxide with
prodigious  significance in the field of photonics and
optoelectronics-based applications. Owing to its astounding and
extraordinary piezoelectric, electronic, pyroelectric, and optical prop-
erties, LiNbOg3 is an obligatory material for a variety of optoelectronic
and photonics-based applications. LiNbOs is first synthesized in Bell
Laboratory, by the czochralski process and is certainly considered a
human-made artificial material [7].

The LiNbO3 compound is comprised of NbOg octahedra having
shared corners, building an asymmetric structure. Though the geometry
of the LiNbOs3 corresponds to the perovskite structure ABO3, however,
LiNbOg3 has octahedra that are distorted and are surrounded by six ox-
ygen ions [8]. Unlike, in ABO3 perovskites the A and B ions form a
perfect cubical structure with oxygen ions [9,10]. The exceptional
property of LiNbOg is that its structure is constituted of two different
ions having different charge values. This structural property of LiNbO3
opens up the scope of regulating the optical properties by various
techniques like doping, substitution, strain, and heterostructure
[11-14]. Tunable optical, electronic, and, structural properties of
LiNbO3 make it a material of large interest in the diversified field of
multifunctional materials. The properties of LiNbO3; were extensively
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Density Functional Characterization of Electronic
and Optical Properties of Strontium Titanate Under
Doping and Strain for Optoelectronic Applications

Ashish Raturi, Poornima Mittal

Abstract—We perform first-principles calculations, to investi-
gate the effect of doping of metal dopants (silver, gold, aluminum,
and copper) on the electronic, structural, and optical properties of
strontium titanate SrTiO3. We further explore the impact of vary-
ing strains (compressive and tensile) on the optical and electronic
properties of pristine and doped SrTiO5. Our results suggest that
the undoped SrTiO3 exhibit a wide bandgap of 2.94 eV with high
optical absorption only in the ultraviolet (UV) region. On doping
the SrTiO3 by metal dopants, the bandgap is significantly narrowed
and most of the absorption peaks are found to shift towards the
lower energies (red-shift). Subsequently, the absorption is enhanced
in the visible region (~380 to 800 nm) of the optical spectrum. The
decrease in the bandgap is highest for the dopant Cu. Further, on
the application of the biaxial strain (tensile and compressive) on
the doped-SrTiOs3, the optical absorption is enhanced in the visible
region, particularly for the high compressive strain of 20%. The
calculated refractive index and dielectric function for all the struc-
tures of SrTiO; are found to follow the trend of absorption. The
enhanced absorption in the desired visible region through doping
and strain may find prospective applications in the fabrication of
photovoltaic, optoelectronic, and solar devices.

Index Terms—Absorption, strain, optical, doping, Perovskite.

1. INTRODUCTION

EROVSKITE material is comprised of many compounds,

which came into existence after the discovery of the mineral
calcium titanate (CaTiOs) in Russia in 1939 by Gustav Rose
[1], [2]. Rose investigated its composition and named it after
the renowned Russian mineralogist Lev Perovski [3]. Ideal per-
ovskite exhibits the P-nma space group with cubical geometry.
The fundamental formula of perovskite is ABO3, where site A
and site B are cations with site A larger than site B [4], [5]. The
exceptional ability of perovskites to form complex structures by
utilizing any element of the periodic table makes them favorable
for the investigation of existing properties and promising for
tuning them for the desired properties. The perovskites have
tremendous structural and compositional diversity, which allows
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Fig. 1.

(a) Perovskite structure (b) SrTiO3 crystal.

the structured synthesis of materials from perovskites by chem-
ical and/or structural modification [6], [7], [8]. In the studies of
optoelectronic devices, K Wu et al. [9] designed and fabricated
a polycrystalline silicon light-emitting device and found visible
light absorption in the range from 400 nm to 900 nm.

Among a wide volume of perovskites, Strontium titanate
(SrTiO3), widely known as STO is an interesting complex oxide
having B site occupied by Ti [10], [11], [12]. STO has wide
applicability in the fabrication of nano-electronic devices due to
its exceptional and unique ferroelectric, and optical properties
[10], [12], [13]. STO has usages in the fabrication of LED,
optical switches, waveguides, memory cells, and gas sensors
[14]. The experimentally reported bandgap of STO is 3.25 eV,
which attributes the transitions of oxygen states (2p) to titanium
states (3d) [15]. The stable stoichiometry with the simple cubic
structure of STO attracts the attention of researchers, which has
perspective applications in the various fields of optoelectronics
and microelectronics [3], [10], [13], [15]. Fig. 1 illustrates the
structural geometry of perovskite and STO. The STO is the most
ascribed material for optoelectronic and solar applications and
has extensively attracted the attention of researchers in recent
years [10], [12], [14], [15]. It exhibits a significantly large
dielectric constant value and behaves as paraelectric material
in bulk form. In the low-temperature state, STO exhibits a
growing ferroelectric state and prohibits long-range ferroelectric
formation. Owing to the wide intrinsic bandgap, despite having
so many tremendous properties, the applicability of STO is
restricted and the optical and photovoltaic effectiveness of the
STO is severely delimited [16], [17]. The wide bandgap of STO
(>3 eV)results in the absorption in the UV region of the sunlight
only, which is a small segment of the (~5%) available spectrum
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Abstract. This work elucidates the impact of strain on the optical and electronic properties of Fe-doped lithium niobate using
density functional theory. The Fe-doped lithium niobate is applied with the tensile and compressive strain (10% and 20%)
and optical properties are analyzed. Lithium niobate, a large bandgap material (bandgap 3.56 eV), has absorption limited to
the UV region of the optical spectrum only. For the Fe-doped lithium niobate, the bandgap is 1.38 eV, with low absorption in
the visible region. The computed results show that the tensile and compressive strains have significantly narrowed down the
bandgap of Fe-doped lithium niobate in compression to the unstrained structures. The decrease in the bandgap is largest for
the tensile strain of 20% among all the applied strains. Further, visible light absorption is also improved due to the application
of strain. The improvement in visible light absorption is highest for the tensile strain of 20%, with absorption completely
shifted in the desired visible region. The improved visible absorption due to the applied strain makes Fe-doped lithium niobate
a potential candidate for optoelectronics and solar applications.

Keywords: Dielectric, perovskites, optoelectronics, absorption

1. Introduction

Perovskites have high absorption, excellent charge transport capability, low optical absorption losses,
and extraordinary diffusion coefficient [1]. These properties of widely used perovskites make them
appropriate for optoelectronics-based applications [1, 2]. These materials are extensively accepted in
the optoelectronics industry for the fabrication of LED, photodetectors, and optical waveguides [2—4].
Among the available perovskite structures, lithium niobate is an oxide with ferroelectric properties
and showed significant importance in the production of photonic and optoelectronic-based devices [6].
Lithium niobate (LiNbO3 widely known as LN) is a widely used dielectric oxide that can be grown using
common pulling techniques [5, 6]. It exhibits stable chemical and physical properties and is abundant
in raw materials. LN has exceptional piezoelectric, pyroelectric, nonlinear optical, and electro-optic
properties, making it a versatile material for nonlinear optical and photonic devices [7-10]. It is often
referred to as the “silicon of nonlinear optics” or “silicon of photonics". The extraordinary piezoelectric
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Abstract

The electronic and optical properties of monolayers of tin monochalcogenides and zinc mono-
chalcogenides are elucidated by utilizing density functional theory. The calculated results indicate that
the monolayers of tin monochalcogenides (SnS and SnSe) have low bandgap and significant
absorption in some segments of the visible region (~400 nm to ~500 nm). However, the monolayers
of zinc monochalcogenides (ZnS and ZnSe) have wide bandgap and negligible absorption in the visible
region, which limits their optical performance. Despite low absorption in visible region, ZnS and ZnSe
exhibit fascinating properties such as wide band gap, cheapness, low toxicity, earth abundance,
structural stability, and high refractive index. To identify the combined potential of zinc and tin, the
van der Waals heterostructures SnS/SnSe, SnS/ZnS, and SnS/ZnSe are formed, and their optical and
electronic properties are calculated. The calculated results illustrate that the formed heterostructures
exhibit bandgap lowering and enhanced visible light absorption. The optical absorption is entirely
shifted towards the visible region due to the formation of heterostructure (redshift). The enhanced
visible light absorption and narrowed bandgap of the formed heterostructures make them a potential
candidate for the fabrication of optoelectronic devices and solar cells.

1. Introduction

In recent years, the remarkable optical, electronic, and structural properties of layered two-dimensional
materials, widely known as 2D materials attracted the attention of researchers for their usability in
optoelectronic and photovoltaic applications [ 1-3]. After the breakthrough of the successful fabrication of the
monolayer of graphene in 2014, 2D materials gained the immense attention of researchers in the domain of
nanoelectronics [4, 5]. This came into being due to the exceptional and distinctive optoelectronic properties of
two-dimensional materials [6, 7]. 2D materials like germane, silene, tin monochalcogenides, zinc
monochalcogenides, and transition metal chalcogenides (TMD) have been widely utilized in recent times for the
fabrication of optoelectronics and photovoltaic devices [8]. With the increasing need for material applications,
the functional constraints of single-layer materials cannot fulfill the intensified and diverse demand of the
industry[9, 10]. Additionally, the layered materials exhibit functionalities such as magnetic properties,
conductivity, photocatalytic and semi-conductivity [11]. Due to these reasons, researchers extensively
attempted to focus on modulating the properties of layered materials to cater to the growing demands of the
industry [12]. In the past years, the pathway of modulating the electronic, optical, magnetic, mechanical, and
chemical properties of 2D materials without altering their composition has been identified as a new aspect of the
design of novel functional materials [13]. Over the last few years, researchers have performed several theoretical
and experimental studies to tune the properties of layered two-dimensional materials by utilizing techniques like
the application of external strain and application of external electric field, doping, and stacking the two-
dimensional materials to form layered structures [14]. Among all the above techniques for altering the
properties of 2D materials for optoelectronics applications, another field of coupling 2D materials to fabricate
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ARTICLE INFO ABSTRACT

Keywords: Over the past few decades, the exceptional electronic and optical properties of perovskite have attracted the
Perovskites attention of researchers for material applications. Over the past few years, several studies have been conducted
Opmele_ﬁronic by researchers to investigate the structural, optical, and electronic properties of perovskites. The utilization of
g::l;rgl;;on perovskites in the fabrication of optoelectronic devices is beneficial, resulting in high photoelectric conversion

efficiency, improved quantum efficiency, flexibility, and numerous other advantages over conventional semi-
conductors. This review highlights the evaluation of the perovskites and advancements in their structural,
electronic, and optical properties for various applications. The review elaborates various methodologies for
tuning the electronic and optical properties of perovskites for various optoelectronic, photovoltaic, and solar
applications. It has been found from the literature that various techniques are available for tuning the properties
of the materials. Among all the available techniques, the focus of the review is on tuning the optoelectronic
properties of perovskite by applying doping, strain, and layering. The latest progress on the calculation of various
electronic and optical properties of perovskites using density functional theory is also discussed in detail. The
review also includes the shortcomings of LDA/GGA in predicting bandgap and optical properties and highlights
the enhancements observed from LDA and GGA to HSE. The outlook of the potential of perovskite-based ma-
terials in the fabrication of optoelectronic, photovoltaic, and solar devices has also been discussed. The review
concludes that tuning the properties of perovskite by applying doping, strain, and layering can help researchers
to identify novel materials for a variety of applications.

1. Introduction

The last few decades played a vital role in the evolution of nano-
technology and flourished it to a large extent. Nowadays, many types of
research are being carried out by researchers in the field of nanotech-
nology. The advancement in the field of nanotechnology in the past few
decades is mainly concentrated on developing the crystal of nano-
material, synthesis and characterization, and further augmentation in
the size and shape of the synthesized nanomaterial at the nanoscale for
desired characteristics [1,9,10]. In the field of material science, the word
nano is taken from the Greek word nanos or the Latin word nanus. The
meaning of nanos or nanus is dwarf, which is a mixture of chemistry,
physics, solid state, and material science [2]. The study of nanomaterials
involves the study of physics, chemistry, and its derived field, material
science, and solid state [3]. Nanoscience study also involves the un-
derstanding of the arrangement of atoms in the materials and the

* Corresponding author.

synthesis of novel materials along with characterization [4,13]. The
advancement in the field of nanotechnology gained the attention of the
industry and is responsible for the widespread use of nanotechnology in
the manufacturing of optoelectronic devices [5-7]. Nanotechnology
evolved with the vast applications in engineering, environment, elec-
tronics, and defense [8,14]. Even though a lot of advancement has
happened in nanotechnology in the past few years, there is still scope in
identifying new novel nanomaterials for various applications. By seeing
the ongoing development in the field of nanotechnology, it can be
anticipated that in the upcoming years, the devices based on nano-
technology will control the living environment and communication [11,
12,14]. This increases the interest of the research community to elabo-
rate on the topics of nanotechnology in detail.

The fundamental element of nanotechnology is the nanomaterial,
used for the fabrication of various electronic and optical devices for
potential applications [15-17]. The materials having crystals with a size

E-mail addresses: ashish.raturil21@gmail.com (A. Raturi), poornimamittal@dtu.ac.in (P. Mittal), sudhanshu.choudhary@und.edu (S. Choudhary).

https://doi.org/10.1016/j.mssp.2025.110250

Received 17 September 2025; Received in revised form 3 November 2025; Accepted 6 November 2025

Available online 9 November 2025

1369-8001/© 2025 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0000-0002-9479-8628
https://orcid.org/0000-0002-9479-8628
mailto:ashish.raturi121@gmail.com
mailto:poornimamittal@dtu.ac.in
mailto:sudhanshu.choudhary@und.edu
www.sciencedirect.com/science/journal/13698001
https://www.elsevier.com/locate/mssp
https://doi.org/10.1016/j.mssp.2025.110250
https://doi.org/10.1016/j.mssp.2025.110250

2020 International Conference on Electrical and Electronics Engineering (ICE3-2020)

Analysis of Electronic and Optical Properties of
Pristine LiNbO3 Using First-Principle Calculations

Ashish Raturi and Poornima Mittal
Department of Electronics and Communication Engineering, Delhi Technological University Delhi, India
ashish.raturil21@gmail.com and poornimamittal@dtu.ac.in

Abstract—The electronic-optical properties of lithium niobate
(LiNbO3) are identified by utilizing the first principle
calculation based on density function theory (DFT) executed in
the ATK VNL.The exchange-correlation function of
generalized-gradient-approximation utilizing density
functional theory is performed to extract the electronic-optical
properties of lithium niobate crystal. The lattice constants and
unit cell volume are investigated from the optimized structure,
that is in good resemblance with the previous reported
research work. Electronic band structure and density of states
(DOS) exhibited its semiconducting nature demonstrating a
bandgap equal to 3.56eV. Optical properties, like absorption
coefficient, complex dielectric function, refractive index is also
determined and matched to the practical values. The optical
spectrum of LiNbQOs is analyzed and found appropriate for
applications such as optical waveguides, piezoelectric sensors,
and optical modulators.

Keywords—Density of state, Density function theory, lithium
niobate, exchange-correlation, generalized gradient
approximation.

I. INTRODUCTION

Due to the exceptional optoelectronic properties of
Perovskite materials, the researcher has shown interest in the
study of such types of materials. The perovskite materials are
having chemical ABX3, where A atom and B atom
represents the position of the cation. X atom represents the
position of anions. The A-site cation is the large site and B-
site cation is the smaller site, which allows forming [BX6]4—
octahedral to corner-share if represented in a 3D framework
[1]. Perovskite materials show many interesting properties
such  as  ferroelectricity,  superconductivity,  and
magnetization. Moreover, these materials exhibit high
absorption coefficients, a high value of the mobility of, a
high value of the diffusion lengths of the minority carrier,
and the low value of the trap densities. These certain
remarkable properties are responsible for making all the
perovskites an excellent choice of semiconducting material
for the solar cells-based application. Besides these properties,
perovskites materials also hold properties of interest for
optical sources i.e. intense photoluminescence, thin light
emission, tunable binding energy, and balanced charge
carrier mobility [2-3]. Among the variety of available
perovskite materials lithium niobate (LiNbO3) is a
ferroelectric oxide. The LiNbO; gained the significant
interest of the researchers in the past few years due to due to
unique incorporation of piezoelectric properties and
electronic-optical characteristics in LiNbO; [4-5]. Over the
most recent few decades, the computational technique has
shown a noteworthy significance in the research of the field
material sciences. Various variety of properties of the
materials like optical, structural and electronic properties
may be computed in detail with high accuracy using the

978-1-7281-5846-4/20/$31.00 ©2020 IEEE

computational strategies [6-7]. In recent electronics and
photonic devices, the application of thin-film technology is
extremely significant and it is possible to be fabricated using
a variety of available methodology. LiNbOs3 has significant
advantages in the process of thin-film growth due to the
crystalline structure [8].

As long as the previous studies of the attempts on the
study of LiNbOs3 material are considered, Inbar and Cohen
analyzed and explained the presence of the ferroelectric
behavior in LiNbO; [9]. The crystal structure and physical
characteristics of lithium niobate have been presented by the
Weis and Gaylord [10]. The experimental study of the
optical characteristics of LiNbO3 has been presented by Dhar
and Mansingh [11]. Kochi has made the correlation of
theoretical energy-loss of an electron with the reported
experimental values. The correlation established was based
on the X-ray photoemission spectrum. Several studies on
first-principle calculations, using available computational
methods have been performed in previous studies to discover
and analyze the properties of the lithium niobate crystal [12-
13-14]. Optical and electronic characteristics of LiNbO3
material are estimated by using Local-density-approximation
(LDA) and Generalized-gradient approximation (GGA)
functions. But theoretical estimated results are still far apart
from the reported experimental data [15].

In this article, we conduct first-principles calculations for
LiNbOs crystal using Density function theory (DFT) on the
ATK-VNL software package [16]. We study the Density of
States of lithium niobate (LiNbOs3) crystal and calculate the
direct bandgap. Along with the electronic-optical properties
of crystal of lithium niobate have been analyzed, using the
Meta-generalized gradient approximation (MGGA) method,
which takes the exchange-correlation into account. The
optical spectrum of the crystal has been studied and the
optical properties like absorption coefficient, reflectivity and
refractive index are reported in the article.

II. COMPUTATIONAL PARAMETERS
To investigate the electronic- optical characteristics of the

LiNbOs, first-principle method density functional theory is
being utilized. All the simulations are carried out by
Atomistix Tool Kit by utilizing the density functional theory
based on pseudo-potential. In DFT calculations for the
computation of density of states and band structure, the
generalized-gradient-approximation utilizing Perdew-Burke-
Ernzerhofer has been utilized for describing the exchange-
correlation function [19-20]. The Monkhorst-Pack method is
utilized for sampling. Brillouin-zone sampling with sampling
points 9x9x1 is used. 150 Ry Energy cut-off is utilized for
performing the calculations [21].
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Abstract. In this paper the optical properties and electronic strcuture of rare earth metal lanthanum doped lithium niobite
are presented. All the computations are achieved on ATK VNL tool kit by utilizing density functional theory. In
electronic properties the computations are performed to calculate the band gap of the lanthanum doped lithium niobite is
calculated. For optical properties, dielectric function, refractive index and reflection coefficient are calculated. The
undoped lithium niobite is a wide band material with absorption in UV region. It is illustrated from the results obtained
that value the band gap is decreased significantly due to doping with lanthanum, which shifts the absorption in the higher
wavelengths region in compression of the undoped crystal of lithium niobite. The shift in the absorption towards higher
wavelengths is identified as red shift. The decrease in the band gap and relocation of the absorption in the higher
wavelengths opens up an opportunity of utilizing the lanthanum doped lithium niobite for the optoelectronic applications.

Keywords: optoelectronic, DFT, perovskites, absorption

INTRODUCTION

In the wide availability of the materials, materials with ferroelectric properties have proved them promising for
the optoelectronic applications [1-3]. Theses material are fascinating for the various applications due to their
extraordinary and versatile piezoelectric and optical properties. Lithium niobite widely known as LN, is a famous
and widely acceptable material for the optoelectronic applications, because of its excellent optoelectronic properties
[4-5]. LiNbO4 is a perovskite with the formula ABO3, in which A is the lithium atom an B is niobite atom. LN is
usually found in hexagonal crystal structure and researched by the several scholars due to its wide optical,
piezoelectric, photonic and electro-optic properties. It has wide acceptability in the manufacturing of optical storage,
modulators, wave guides and acoustic devices [6].

The LiNbO; is a wide band gap material with a band gap of value 3.56 eV [7]. Due to wide band gap the non-
zero values of the absorption for the undoped LiNbO; is available in the ultra-violate (UV) region only. As the UV
region is only 5% of the sun light, a significantly high proportion of the sun light remains unutilized [8]. This is not
favourable for the utilization of the materials for photonic and optoelectronic applications. In order to shift the
absorption in the visible wavelength, several techniques like doping, strain, heterostructure are utilized by the
researchers past to tune the optoelectronic properties of various materials and structures [9-10]. Among all, doing
proved itself and accepted by the researchers as an efficient way to optimize the optoelectronic properties of the
various structures and materials [11-13]. In past, researchers calculated and examined the various optical properties
of pure and doped LiNbO; for various photonic and optoelectronics applications. Hossain et al. calculated the
optoelectronic properties of LiNbO and reported the band gap and other optical parameters of LiNbO5 using DFT
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