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Preface

Inorganic and organic semiconductor materials have garnered significant attention due to
their distinctive structural, optical, electrical, and magnetic properties. Over the past decade,
substantial efforts have been devoted to comprehending the chemistry and physics of two-
dimensional transition metal dichalcogenides (TMDs). While much research has centred on
exploring the electrical and magnetic behaviours of these materials, there remains a scarcity
of studies on the electrical properties of Schottky devices constructed from metal
dichalcogenides. TMDs have emerged as promising materials for next-generation researchers
interested in electronics, energy, and other fields, owing to their fascinating properties.
Among the various TMDs available, Molybdenum Disulphide (MoS;) has been extensively
investigated due to its unique optical, electronic, and mechanical characteristics. However,
the combination of MoS; with WS, to form Mo1xW,S, composites holds great importance
for enhancing properties, as it harnesses the potential of both materials, resulting in excellent
characteristics. This composite material holds promise for applications in energy storage,
supercapacitors, and photosensitive devices. Therefore, the exploration of Mo WxS;
composites in Schottky Barrier Diodes (SBDs) is encouraged to uncover its potential in the
technology sector. The metal-semiconductor (MS) interface serves as the foundation for
various semiconductor devices, including SBDs, necessitating detailed study for insights into
future prospects. Fabricating diodes should be accompanied by the determination of various
device parameters such as photosensitivity, detectivity, conductivity, and mobility.
Consequently, gaining an understanding of charge transport phenomena and the behaviour of
metal-semiconductor junctions has become a primary objective for researchers. Therefore,
this thesis focuses on the synthesis, characterization, and potential applications of different
inorganic and organic materials, alongside conducting charge transport investigations through

current-voltage characteristics and Impedance Spectroscopy analysis.

As the global population grows alongside industrialization, there has been a rapid increase in
energy demand worldwide. This surge, coupled with the finite resources of fossil fuels and
the consequent escalation of environmental pollution, has spurred efforts to explore
alternative and new sources of energy generation. Consequently, research into renewable
energies and their integration into modern life play a crucial role in fostering sustainable
development across environmental, economic, and societal domains. Among the array of

available renewable energy options, solar energy emerges as one of the most promising

Vv



solutions to address the mounting energy consumption. Solar energy conversion primarily
encompasses two technologies: solar thermal and photovoltaic (PV). The conversion of
sunlight into electricity through photovoltaic offers a clean, low-carbon solution. Despite
advancements, the PV market remains predominantly dominated by crystalline silicon (c-Si)

solar cells, posing challenges in the realms of energy, environment, and ecology.

Hence, this thesis concentrates mainly on creating various organic and inorganic materials
and using them in thin film Schottky barrier diodes. Detailed examinations were conducted
on the photo response and charge transport characteristics. Furthermore, an endeavour was
made to construct a solar cell with a selectively doped emitter passivated with Al,Os3,
followed by an assessment of its operational efficiency. The thesis structure comprises 10

chapters, each covering specific aspects of the research, outlined briefly below.

Chapter 1 serves as an introduction to the fundamental role of Schottky barrier diodes in
electronics, covering both their historical context and the underlying physics governing their
formation. The chapter explores research on inorganic nano-composites and organic
semiconductors, emphasizing their applications in Schottky barrier diodes and techniques for
measuring barrier height. Specific attention is given to 2D materials, particularly Transition
Metal Dichalcogenides, including discussions on synthesis methods and applications.
Additionally, the chapter highlights the growing importance of organic semiconductors in

electronic devices, with a focus on metallogels.

Chapter 2 focuses on comparing the structural, optical, and electrical characteristics of
Schottky diodes made from the MoS, & Mo1,W,S, -alloy composite, determining various
device parameters. It details the synthesis of the MoS, and MoWS, composite through a
hydrothermal method and thoroughly characterizes both materials. Analyzing charge
transport via impedance spectroscopy and current-voltage studies enhances comprehension of
the composite material's device performance, with impedance data simulation achievable

through appropriate equivalent circuit.

Apart from studying inorganic semiconductors, I've also delved into organic semiconductor
research. Therefore, in chapters 3 to 5 of my thesis, | synthesized diverse supramolecular
metallogels and analyzed their gel properties. The determination of band gap values signifies
their semiconducting nature, while opto-electronic investigations unveiled their potential

utility in photosensitive devices.

Vi



Chapter 3 presents the synthesis of a supramolecular Mn (Il) metallogel, showcasing its
robust mechanical properties and viscoelastic parameters through rheology-based
experiments. The microstructure was analyzed using FESEM, while infrared spectrum
analysis helped in understanding Mn-ATA formation. Electrospray ionization mass
investigation confirmed the presence of various metallogel components contributing to its
structure. Diode parameters were assessed, revealing its semiconductor characteristics, with
non-linear rectifying J-V characteristics indicating Schottky diode behaviour. The device
demonstrated enhanced rectifying properties under illumination, suggesting photo-responsive

behaviour.

Chapter 4 illustrates the synthesis of two unique supramolecular metallogels, Mn-BDA and
Cd-BDA, with rheological parameters investigating their mechanical flexibility. Both
metallogels exhibit notable mechanical stability, with FESEM providing morphological
visualizations. FT-IR and ESI-mass spectroscopic analyses confirm potential non-covalent
supramolecular interactions. Additionally, Schottky diodes (SDs) comprising ITO/Cd-
BDA/AI and ITO/Mn-BDA/AI configurations are fabricated, showcasing significant

semiconductor characteristics with nonlinear J-V curve.

Chapter 5 introduces the creation of a supramolecular Ni(Il)-metallogel, investigating its
mechanical properties through rheological studies. FESEM analysis reveals flake-like
morphological patterns, while FT-IR spectroscopy examines the metallogel formation
approach. Thin film devices based on the metallogel demonstrate electrical conductivity in
metal-semiconductor junctions, with a focus on evaluating semiconductor properties such as

Schottky barrier diode behaviour to assess device quality.

Chapter 6 offers an overview of solar energy's potential as a renewable resource. It includes
an introduction to energy and the importance of seeking renewable alternatives. Additionally,
it delves into the early developments of photovoltaic, particularly the emergence of Silicon
solar cells. The chapter highlights the importance of emitter design in improving the
performance of crystalline silicon solar cells and examines the advantages and disadvantages

of selective emitter solar cells compared to homogeneous emitter ones.

Selective emitter technology, also known as selectively doped emitter, shows promise in
photovoltaics by effectively managing contact resistance and surface recombination velocity,
thereby enhancing solar cell efficiency. Various methods exist for creating selective emitter

doping profiles, such as double diffusion with photolithography, reactive ion etching (RIE),

vii



electrochemical etching (i.e., etch back method), laser doped selective emitter (LDSE), and
laser over-doping treatment. In this thesis, | propose a new technique for forming selective
emitters (detailed in Chapter 7) offering an alternative to traditional approaches. Beside that,
among all of the conventional technique mentioned above, laser over-doping stands out in
solar cell applications due to its affordability, simple fabrication process, and effective optical
confinement (discussed in Chapter 8). Following diffusion, before metal contacts are applied,
the surface undergoes laser treatment where the grid structure will be formed, eliminating the
need for double diffusion.

Chapter 7 showcases a novel approach to create a selective emitter in crystalline silicon is
presented, involving the concurrent development of both the front side selective emitter and
the rear back surface field (BSF) layer during the rear side diffusion step. This chapter
introduces a unique method for attaining a selective emitter, characterized by a highly
diffused region with low sheet resistance and in the remaining portion, a lightly diffused
region with higher sheet resistance. The outcomes indicate that the selective emitter can be
produced in a single diffusion process without the need for additional heat treatment or

chemical etching, rendering this approach cost-effective.

Chapter 8 delves into crafting n-type crystalline silicon selective emitter solar cells,
showcasing the optimization of parameters like the dielectric passivation layer, doping
profile, and etching parameters through simulation techniques. Drawing from these
simulations, the chapter presents a cost-effective, batch process-compatible Al,Os-passivated
n-type c-Si selective emitter solar cell achieved via laser overdoping, boasting an efficiency
of 17.2%. Additionally, it conducts a comparative analysis between conventional
homogeneous doping emitter solar cells and selectively doping emitter solar cells treated with
laser over-doping, noting identical process parameters including cleaning, texturization, rear
side diffusion (BSF), front and rear surface dielectric passivation, ARC coating, and

metallization for contact formation for both cell types.

Chapter 9 contains conclusion and novelty of the entire work and scope of future work.

viii
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1.1. Introduction

hroughout human history, the accumulation of scientific knowledge and technological

advancements has exhibited a consistent pattern of slightly exponential and self-

reinforcing growth. The technological revolution, widely praised, has notably
intensified in recent decades, marking the twentieth century as the onset of the electronic age.
The term "semiconducting™ was introduced by Alessandro Volta in 1782, as noted by G. Busch
[1]. Michael Faraday’s observation in 1833 revealed the negative temperature coefficient of
Ag,S (Silver Sulfide) [2, 3], while Humphrey Davy observed a decrease in the electrical
conductivity of metals with rising temperature. Johann Hittorf's publication in 1851 provided a
comprehensive investigation into the relationship between temperature and the electrical
conductivity of Ag,S and Cu,S [1]. In 1874, Karl Ferdinand Braun observed rectification and
conduction in metal sulfides through the use of a metal point (whisker) [4]. In the same year,
Arthur Schuster made a significant discovery in rectification while experimenting with a circuit
composed of copper wires and screws [5]. The initial observation of photoconductivity in solids
was credited to Willoughby in 1873, who noted a rapid decrease in resistance (selenium
resistors) when exposed to light [6, 7]. In 1906, Pochettino made a significant discovery by
determining the photoconductivity of anthracene, marking it as the inaugural organic compound
to exhibit this property [8]. Following this, in 1913, Volmer further contributed to the
understanding of anthracene's photoconductivity [9]. Johan Koenigsberger, in 1914, categorized
solid-state materials into metals, insulators, and variable conductors based on their conductivity
[10]. Walter Schottky validated the presence of a barrier through experimentation in a metal-
semiconductor interface in 1931 [11]. In 1939, Neville F. Mott, Walter Schottky, and Boris
Davydov proposed a theoretical model introducing the concept of a surface barrier formed
between metals and semiconductors with different work functions, later named the Schottky
barrier in honor of Walter Schottky. Allan Wilson, in 1931, formulated a successful
semiconductor behavior theory grounded in advanced quantum theory [12], known as the "band
theory" of solids, elucidating the mechanism of impurity doping [13]. The semiconductor
landscape saw further strides in 2000 with the Nobel Prize awarded to Hebert Kroemer, Zhores
Alferov, and Jack Kilby for their contributions to the development of semiconductor hetero-
structures used in high-speed devices and optoelectronics. Post-World War I, the focus on basic

semiconductor physics research shifted, emphasizing the pivotal role of elemental
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semiconductors in scientific and technological progress. Today, semiconductor material science
stands as the cornerstone of technological advancement, with ongoing research shaping the
future of semiconducting materials. Hans Albrecht Bethe got the Nobel Prize in 1967 for his
research conducted in 1942 on the thermionic emission of electrons through the barrier potential

between metal and semiconductor materials [14].

In the 21% century, we find ourselves in a technological era capable of manipulating materials at
the nanometer scale, yielding extraordinary outcomes such as innovative tools and advancements
that were previously inconceivable. This progress is exemplified by applications ranging from
nano-material-based cancer treatments [15] to the development of high-performance composites
[16-18]. Consequently, nanotechnology is opening up new frontiers for innovation in diverse
fields, including electronics, material science, and energy [19, 20]. Concurrently, technological
advancements have led to the emergence of a distinctive class of lower-dimensional systems,
marking the evolution of nano-science. This classification includes zero-dimensional (0D)
polymer dots and up-conversion nano-particles, one-dimensional (1D) nano-fibers, nano-rods,
and nano-filaments, two-dimensional (2D) layered metal oxides, transition metal
dichalcogenides, nano-films, and three-dimensional (3D) nano-cones, pyramids, and nano-balls
[21]. Notably, the dimensionality of these nanostructures is a key distinguishing factor,
elucidating both the atomic structure and governing the properties to a significant extent [22].
Among these structures, 2D materials been extensively studied because of their unique physical
properties and their crucial roles in diverse applications such as in electronics, sensors, and

storage.

Transition metal dichalcogenides (TMDs) stand out as a extensively examined class of 2D
materials, representing a prevalent system for layering van der Waals solids. TMDCs exhibit a
range of intriguing properties, including both direct and indirect band gaps, mechanical strength,
electrochemical behavior, and more. These characteristics have propelled TMDCs into the
spotlight in the 21% century, finding diverse applications in thermoelectric devices [23],
hydrogen production [24, 25], semiconductors [26], nano-electronics, optoelectronic devices,
energy harvesting, and beyond [27-30].

Within TMDCs, the transition metal assumes octahedral coordinates, observed in d0O, d3, and a

few d1 metals. In contrast, in 1T and 2H crystals, the transition metal adopts trigonal prismatic
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coordinates, present in d2 and d1 metals. These coordinates share common edges with adjacent

neighbors in each layer, forming a hexagonal honeycomb structure [31, 32].

1.2. Transition Metal Dichalcogenides: Properties, Structures and

Applications

Transition Metal Dichalcogenides (TMDs), a crucial subset within the 2D family, have garnered
significant attention in the realm of photovoltaic in recent years owing to their notable light-
absorbing capabilities [33-34] and heightened conversion efficiency [35]. In the past decade,
substantial efforts have been dedicated to unraveling the chemical and physical intricacies of
TMDs. These semiconductors are atomically thin and follow the general formula MX;, where M
denotes a transition metal atom such as W or Mo, and X represents a chalcogen atom like S, Te,
or Se. A single layer of M atoms is sandwiched between two X layers, bonded covalently by
weak Van der Waals forces. The crystal structure exhibits a three-fold symmetry in a honeycomb
hexagonal lattice, featuring an inversion center. However, in a monolayer, the inversion center
may be absent. Bulk TMDs possess an indirect band gap at the center of the Brillouin zone,
whereas the monolayer exhibits a direct band gap located at the K-points due to its absence of an
inversion center [36, 37]. The spin-orbit coupling in TMDs’ monolayer induces spin-orbit
splitting [38] in the valence band and conduction band, resulting in regulation over electron spin
through the adjustment of excitation laser photon energy and handedness [39]. Typically, a
single layer of TMDs demonstrates exceptional behavior, absorbing approximately 20% of
incident light. Photon absorption by the TMD monolayer with sufficient energy leads to electron
creation in the conduction band, and the resultant missing electron in the valence band is
compensated by a positively charged quasi-particle known as a hole. Subsequently, the Coulomb
force between the positively charged hole and negatively charged electron forms a bound state

called an exciton, offering intriguing properties for diverse applications.

1.3. Methods for Synthesis of Transition Metal Dichalcogenides

In the upcoming section, we will explore diverse growth mechanisms and synthesis procedures

applicable to Transition Metal dichalcogenides:
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1.3.1. Exfoliation

The exfoliation technique, also known as the top-down strategy, involves mechanical methods
and remains the preferred approach for producing new monolayer 2D material from bulk
crystals. This method is widely favored due to its simplicity, resulting in products with high
crystal quality and superior electronic and optical properties compared to 2D materials obtained
through alternative means. In this process, the TMD crystal is rubbed against another surface,
and adhesive tape is applied to the bulk TMD material during the rubbing process. Subsequently,
the tape, containing tiny flakes of the TMD bulk material, is transferred onto a substrate. Upon
removing the adhesive tape from the substrate, monolayer and multilayer flakes of TMD are

obtained.

1.3.2. Laser Ablation

One established method for creating Cgo involves utilizing laser ablation on an appropriate
material for the target. Following the successful synthesis of NiCl, nano-tubes (NTs) and
fullerene-like particles through laser ablation [40, 41], Parilla et al. employed a similar approach
to generate nano-octahedral of MoS,, later extending the technique to MoSe; [42]. Subsequently,
a few years later, Sen et al. achieved the production of metal-filled and hollow inorganic
fullerene (IF)-like particles of MoS, and WS, [43]. Recently, Schuffenhauer et al. employed
laser ablation on TaS, under Ar and CS;, to obtain filled TaS;, fullerene-like particles [44].
Hexagonal WS; nano-particles were formed through laser ablation in water [45]. Hong et al.
successfully synthesized faceted IFs comprising SnS, and SnS using the laser ablation technique
[46].

1.3.3. Arc Discharge

An alternate method employed for the production of carbon onions and nano-tubes involves the
use of an arc discharge technique. In 2000, Chhowalla et al. were pioneers in utilizing this
approach with the same equipment, conducting it at high pressure. They successfully employed
the method to fabricate MoS,-1Fs, forming a thin film with remarkable lubricating properties [47,
48]. Another variation of this method was adopted by Alexandrou, who employed the extreme
conditions of an electric arc to generate MoS, core shell particles [49]. Another variation

includes performing arc discharge in a vacuum chamber filled with water, where an arc is
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generated between a carbon cathode and a Mo hollow rod anode filled with MoS, powder in its

interior.

1.3.4. Microwave Plasma

In this method, a quartz tube functions as a mono-mode microwave cavity. Vollath and Szabo
successfully produced nano-clusters of MQ, (M=Mo, W; Q= S, Se), including some adopting a
fullerene-like structure [50, 51], using the precursor M(CO)¢ with H,S or SeCl, in argon. The
synthesis process involved a generator operating at frequencies of 0.915 or 2.45 GHz.
Additionally, similar arrangements led to the establishment of nano-clusters for SnS, and ZrS,.
Brooks et al. achieved the formation of WS, and HfS,-IFs, along with ZrS,; NTs and nano-rods,
by employing WO3 nano-particles, ZrS; or HfS3, in microwave-induced plasmas containing H,S
and N/H, [52].

1.3.5. Hydrothermal Method

The hydrothermal method involves crystal growth in an aqueous solvent [53], as illustrated in
Fig. 1.1 depicting hydrothermal technique. This approach allows for crystal growth at relatively
low temperatures (above 100 °C). The resulting compounds are influenced by factors such as pH,

duration, temperature, and pressure in the closed system.
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Fig. 1.1: Figure depicting a steel autoclave with Teflon lining used in the hydrothermal

synthesis process.
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Hydrothermal crystal growth offers several advantages: (1) it facilitates control over oxidation
and enables conditions for synthesizing phases that may be challenging through alternative
methods, (2) crystal growth occurs with lower thermal strain, potentially leading to a reduced
dislocation density compared to melt-grown crystals with significant thermal gradients, (3) it
proves valuable for synthesizing phases at low temperatures (4) it is suitable for synthesizing
various materials on a large scale such as piezoelectric, magnetic, optic, and clay, and (5)
hydrothermal synthesis promotes fast convection and effective solute transfer, resulting in the
swift growth of larger, purer, and defect free crystals.

1.3.6. Vapor Phase Epitaxy (VPE)

In the process of vapor phase epitaxy (VPE), thin film deposition occurs through the vapor
phase. Two distinct methods are employed to transport the source materials: physical vapor
deposition (PVD), involving no chemical vapor deposition (CVD) and chemical reaction,
wherein the film formation results from a chemical reaction among the precursors at the
substrate. Both chemical vapor transport (CVT) and physical vapor transport (PVT) offer
advantages such as enabling growth at lower temperatures, preventing phase transition, and
avoiding undesirable contamination. VPE, widely utilized in semiconductor epitaxial growth,
relies on critical process parameters, including vacuum pressure, carrier gas flow rate, deposition
temperature and temperature ramp. These parameters play a crucial role in determining the
crystal structure, growth rate, orientation of the grown film, composition, surface morphology,

and electronic properties.

1.3.7. Metal Organic Chemical Vapor Deposition (MOCVD)

MOCVD, alternatively referred to as MOVPE, represents advancement over the conventional
Vapor Phase Epitaxy (VPE) and stands out as one of the most accessible and widely recognized
techniques for synthesizing Transition Metal Dichalcogenides (TMD). Since its inception in
1968 [54], this method has gained prominence as a preferred approach for the the process of
growing compound semiconductors epitaxially, in both production and research settings. To
initiate the process, precursors such as transition metal oxide and pure chalcogen are introduced

into a furnace containing a substrate. The material formation occurs in the presence of an inert
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gas, particularly Ar or N, while the furnace is heated to temperatures ranging from 650 to 1000
°C [55]. The key factors contributing to the popularity of MOCVD include the ability to produce
high-quality epitaxial films with a consistent film thickness.

1.3.8. Molecular Beam Epitaxy (MBE)

MBE was created in the early 1970s with the aim of producing high-purity compound
semiconductor epitaxial layers on specific substrates [56, 57]. Over time, it has evolved into a
crucial method for producing nearly all semiconductor epi-layers. MBE functions as a vacuum
evaporation apparatus, maintaining chamber pressure at approximately below ~10™ Torr.
Several advantageous features of MBE contribute to the growth of semiconducting films.
Notably, the growth temperature remains exceptionally low, minimizing undesirable thermally
activated processes like diffusion. Additionally, the thickness of the epi-layer can be precisely
controlled at the atomic layer level. Introducing various vapor components to alter alloy
composition and regulate doping concentration is easily accomplished by incorporating specific
beam chambers equipped with appropriate shutters. These characteristics play a significant role,

particularly in the fabrication of structures such as junctions.

1.3.9. Bridgman and Gradient Freezing (GF) Method

In the realm of commercial production, achieving large single crystals is most efficiently
accomplished through melt growth. The vapour phase epitaxy (VPE) growth process, although
utilized, has limitations regarding both crystallite size and productivity. Bridgman's growth
process involves the gradual movement of molten material through a temperature gradient at a
slow pace, solidifying as the temperature drops below the material's melting point. This growth
method is commonly referred to as the gradient freezing (GF) method [58], as it involves a
gradual reduction of temperature while maintaining a constant temperature gradient at the

interface.

1.3.10. The Travelling Heater Method (THM)
The method known as the traveling heater (THM) involves a growth process in which
polycrystalline feed material, possessing a consistently uniform structure, is systematically

melted using a temperature gradient. Subsequently, the molten material is deposited in a single-
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crystal form onto a seed with an identical composition [59]. THM proves particularly
advantageous in the advancement of ternary and binary semiconductor compounds, such as

CdZnTe and CdTe, demonstrating its applicability in this context [60].

1.4. Applications of Transition Metal Dichalcogenides

1.4.1. Electronics

Several recognized applications exist for TMDs, such as the pioneering use of monolayer MoS;
in the creation of the first Field Effect Transistor (FET) in 2011. This FET demonstrated an
exceptional on/off ratio of 10° attributed to its electrostatic regulation of the 2D layer.
Subsequent FET developments involved materials like WS;, MoSe,;, and WSe,. Their
characteristics including electron mobility, band gap, and ultrathin structure, render them well-

suited for applications in this domain [61, 62].

1.4.2. Sensing

The existence of a band gap positions TMDs as highly promising substitutes for graphene in the
development of atomically thin sensors, spanning from gases to liquids to biological membranes.
FET-based biosensors rely on receptors affixed to TMD monolayers. Alterations in current flow

across the transistor occur as target molecules bind to these receptors [63].

1.5. Molybdenum Tungsten Disulfide

Molybdenum tungsten disulfide (MoWS;) is categorized as a Transition Metal Dichalcogenide
(TMD) alloy. In recent times, the effective modulation of band gap, carrier mobility, and
effective mass in 2D TMDs through alloying has been demonstrated both theoretically and
experimentally [64-67]. The favorable thermodynamic stability at room temperature is indicated
by negative mixing enthalpy values [67-69]. Altering the Mo and W ratio gives rise to various
MoWS; alloys denoted by the chemical formula MoyW1.4S;, each with distinct alloy ratios
represented by the variable x. The stacking of 2H-MoS; and 2H-WS, layers occurs through van
der Waals interactions, allowing for the exfoliation of thin 2D layers. Similar to MoS; and WS,,
MoWS, exhibits a hexagonal crystal structure. Each monolayer is composed of an S-MoW-S

layer, with one MoW plane sandwiched between two S planes.
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Fig. 1.2: The crystal structure of molybdenum tungsten disulfide (MoWS,) [adapted from
Wikipedia]

Fig. 1.2 depicts the crystal structure of MoWS,. It is classified among the group-VI TMDs and,
with its tunable band gap, band edge position, and effective mass of carriers, thin-layer nano-

sheets of MoWS,; find applications in optoelectronic devices.

1.6. Organic Semiconductor: its Revolution and Schottky Challenge

In the early 21 century, a new era in electronics is underway, driven by the development and
comprehension of a distinct category of active materials designed for electronic and
optoelectronic purposes, commonly referred to as organic semiconductors. The remarkable
advancements in this domain are fueled by the prospect of innovative applications, including
expansive, versatile lighting solutions, and screens, economically produced manufactured
integrated circuits, and photovoltaic cells derived from such materials. In contrast to traditional
inorganic semiconductors, typically employed in a single-crystalline state, organic
semiconductors, comprised of oligomer or polymer chain molecules, are typically applied as thin
films over extensive areas, resulting in amorphous or polycrystalline structures. The use of
flexible and transparent substrates in organic electronics opens up numerous possibilities for
applications and integration. As an interdisciplinary field, organic semiconductors draw on
contributions from chemistry, physics, and engineering. They hold significant potential as active
matrices in the development of next-generation optoelectronic devices, including photovoltaic
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cells, sensors, field-effect transistors, light-emitting diodes, thermo-electrics, and spin valves
[70-74].

Organic semiconductors exhibit strong n-conjugation made of hydrogen and carbon atoms, along
with hetero-atoms like oxygen, sulfur and nitrogen. Consequently, thin films of these molecules
readily facilitate the support and transportation of carriers. The true potential of organic
semiconductors lies in their capacity to design electronic and material properties to a greater
extent than achievable with inorganic semiconductors. This opens up virtually limitless

opportunities for precise customization of materials and devices.

These semiconductors form solids bonded by van der Waals forces, featuring much weaker
intermolecular bonding in contrast to semiconductors bonded through covalent bonds."This
results in altered mechanical and thermodynamic properties, leading to reduced hardness (soft
materials), lower melting points, and narrower energy bands. Optical properties are marked by
high absorption and emission rates, driven by polarizable n-electronic systems and substantial

electron-hole correlation, resulting in exciton binding energies of approximately 0.5 eV.

The challenge with organic semiconductors in Schottky diodes stems from the absence of
metallurgical ohmic contact and limited success in doping [75]. Consequently, the efficiency of
current injection from metal electrodes to organic semiconductors becomes crucial for organic
devices [76]. Achieving an effective Schottky junction necessitates addressing fundamental
issues: (i) Electronic energy levels of the organic molecule relevant for injection and transport
through the materials, relative to the work function of metal electrodes [77, 78]; (ii) Chemical
and electronic interactions between organic semiconductors and metal electrodes [79]; and

finally, (iii) Band bending at metal/organic interfaces within devices [80].

1.7. Metal-Organic Gels (Metallogels) & Properties

In the early twentieth century, the scientific community focused on an antiquated form of gel
known as organogel, which garnered attention for its potential applications in diverse fields,
including optoelectronic materials. Initially derived from high molecular weight gelators, the
interest shifted over the last decade towards low molecular weight gelators (LMWGS) as the

preferred candidates for global gel synthesis. The appeal lies in their small structures, facilitating
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the straightforward prediction of the gelation mechanism. The involvement of small gelator
molecules in synthesis allows the creation of stimuli-responsive materials through reversible
weak interactions between these molecules [81]. Gels incorporating metal as an essential
structural component for formation are termed metallogels, representing an expanding category
within Supramolecular chemistry, these gels are formed through non-covalent interactions like
hydrophobic interactions, n-7 interactions, and hydrogen bonding, play crucial roles for their
assembly from small molecules. The primary driving factor behind the formation of metallogels
typically involves strong metal-ligand coordination, where the metal coordinates with the gelator
molecule (ligand). Introducing a metal to organic gels can impart additional intriguing properties,
including color, charge transfer, fluorescence, rheological characteristics, magnetism, helicity,
stimuli responsiveness, nanofabrication, conductance, and catalysis. Over time, metallogels have
found diverse applications in interdisciplinary fields such as catalysis, electronics, and sensors.
The main challenge lies in designing metallogelators, which limits their broad range of
applications. Generally, scientists leverage their expertise in designing organic gelators to
modify and adapt them for metallogelators, incorporating metal binding sites and adding metals
through various methodologies.

1.8. Metallogels Synthesis Method & Challenges

The characteristics of gels are contingent upon the specific non-covalent interactions involved,
with the metal-ligand interaction providing both thermodynamic stability and kinetic
susceptibility. Typically, the synthesis of gels involves heating a solution containing the metal
ion under investigation and the ligand responsible for forming the metallogel, along with
additional compounds creating optimal reaction conditions [82]. The process continues until all
added solids are dissolved in the solvent, followed by cooling to facilitate self-assembly and
proper gel formation [83]. However, this conventional method has demonstrated limited success
with certain transition metals and lanthanides in an acetonitrile solution of the ligand. Controlled
heating and cooling, combined with the addition of transition metals and lanthanide ions to the
ligand-containing solution, resulted in stable gels that successfully passed the inversion test [84].
The self-assembly is driven by non-covalent interactions, leading to linear compounds that can
further organize into columnar, helical structures and eventually aggregate into fiber bundles
[85].
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Another alternative for creating functional nano-material gels involves the bottom-up method of
subcomponent self-assembly [86], aiming to conserve resources, reduce synthesis time, and

broaden the range of available gels through rapid exchange of reaction components [87].

1.9. Innovative Applications of Metallogels

1.9.1 Electronic Devices

Because of the existence of metal ions, metallogels typically exhibit self-healing and electrically
conductive properties, making them potentially valuable in electronic devices like diodes,
transistors, and solar cells [88]. Researchers led by Huo created a metallogel using Fe*
coordination-driven complexation with trimesic acid as the gelator. This metallogel was
subsequently employed in the application of dye-sensitized solar cells (DSSCs) as an electrolyte
[89].

1.9.2. Electrolytic Material & Energy Devices

Metallogels, serving as electrolytes, find crucial applications in supercapacitors, solid oxide fuel
cells (SOFCs), and batteries [90]. Given the challenges associated with liquid electrolytes, such
as leakage, internal corrosion, and volatilization, metallogel-based electrolytes have garnered
significant attention for addressing these issues [91]. In a recent study, Bhattacharjee and
colleagues synthesized a metallogel using I-2-(3,5-ditert-butyl-2-hydroxybenzyl amino)-succinic
acid with ZnSO4 and effectively applied it in supercapacitors [92]. Additionally, Kurungot and
team proposed the use of metallogel solid electrolytes as proton conductors, utilizing xerogel
pellets derived from metallogel in fuel cells to establish the electrical circuit between electrodes
[93].

1.9.3. Multi-Stimuli Sensor

The ability of metallogels to respond to multiple stimuli makes them well-suited for application
as sensors, especially as both chemo-sensors and biosensors [92]. Mukhopadhyay and colleagues
have documented the use of cobalt-induced metallogels for detecting L-Tryptophan within a
group of amino acids [94].
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1.9.4. Catalysis

The synthesized metallogel was reported to be useful for controlled oxidation of benzyl alcohol
to benzaldehyde in good yield. Metallogel as a catalytic material shows recyclability with
moderate loss in catalytic activity possibly due to the remaining amount of benzaldehyde in the
gel network.

Metallogels, as intelligent materials, find applications in catalyzing significant transformations of
organic molecules. In a study by Yamada et al., a novel metallogel was formed through the
coordination of a tripodal ligand with Pd metal, resulting in a self-assembly process [95]. This
newly created metallogel demonstrated active catalytic properties in the Suzuki-Miyaura
coupling reaction involving aryl boronic and aryl halides acids. Xing et al. first reported the use
of metallogel as a catalytic material in 2002 [96], where a coordination polymeric metallogel was
produced by mixing Pd-salt with a tripodal ligand in dimethylsulfoxide. This synthesized
metallogel proved effective in the controlled oxidation of benzyl alcohol to benzaldehyde,
yielding good results. The recyclability of metallogel as a catalytic material was observed, albeit
with a moderate decline in catalytic activity, possibly attributed to the residual amount of

benzaldehyde within the gel network.

1.10. Schottky Diodes Overview: Metal- Semiconductor Interface

Metal-semiconductor (MS) contacts play a crucial role within semiconductor device structures as
they establish connectivity with external elements. The pivotal feature of MS contacts lies in the
barrier potential formed involving the metal's Fermi level and the semiconductor's band edge
occupied by majority carriers at their junction. Typically, two categories of MS junctions are
integral to semiconductor device construction. The first type, termed Ohmic contact, denotes a
non-rectifying contact, while the second type, termed Schottky contact, represents a rectifying
contact.

In Ohmic contact, the semiconductor undergoes heavy doping; resulting in a low resistance
junction where current can flow effectively in both biasing directions. The Schottky contact, also
known as Schottky-barrier diode (SBD) or surface-barrier diode is crucial in semiconductor
devices as it always transitions to a metal conductor. This junction creates a barrier because of
the energy-band mismatch at the interface, leading to injected carriers possessing surplus energy.

This configuration is also termed as a hot-electron diode or hot-carrier diode. Unlike Ohmic
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contact, Schottky contacts enable current flow in one direction while blocking it in the opposite
direction, resulting in a very high resistance to current flow. Due to its rectifying properties and
relatively simple fabrication process, SBDs are integral in modern semiconductor device
technology [97]. The widespread adoption of Schottky barrier diodes (SBDs) can be attributed
primarily to their avoidance of minority carrier effects, such as extended reverse recovery time
and diffusion capacitance, commonly found in p-n junction devices. SBDs serve as fundamental
components in various devices including solar cells, photo-detectors, transistors, varactors, and
integrated circuits [98]. Enhancing the performance of Schottky junctions can consequently
enhance the overall functionality of these devices. The formation of Schottky barriers occurs at
metal-semiconductor junctions, with commonly used metals including aluminum, gold, or
platinum.

This chapter provides an overview of metal-semiconductor interfaces, starting with the historical
evolution of the technology and the theory behind metal-semiconductor contacts (paragraph
1.10.1 & 1.10.2). It then introduces the operational principles of such heterojunctions (paragraph
1.10.3) and discusses methods for measuring barrier height (paragraph 1.14.1), as well as the
applications of Schottky barrier height (paragraph 1.15). Given the focus of this thesis on
inorganic (2D materials) and organic material-based Schottky diodes, the importance of
materials such as TMDs and metal-organic gels in Schottky diodes are discussed in the

concluding section of the chapter (paragraph 1.16).

1.10.1. Technological Development of Metal-Semiconductor Interface

The metal-semiconductor configuration is one of the earliest semiconductor devices. F. Braun
introduced the rectifying property of metal-semiconductor conduction in 1874 [99], observing its
dependence on voltage polarity and surface conditions [100]. However, it wasn't until 1904 that
the first applications of point contact rectifiers emerged. Wilson employed band theory of solids
in 1931 to develop semiconductor transport theory [101], extended to metal-semiconductor
contacts. Schottky et al. observed the barrier potential at the metal-semiconductor junction in
1931 [102], with Schottky and Mott later specifying a model for barrier shape and height [103,
104]. By 1938, it was proposed that the potential barrier arises due to consistent electric charges
contained within the semiconductor alone, leading to the term "Schottky barrier" [103]. The
theoretical understanding of metal-semiconductor rectifiers lagged behind technological



16 | Chapter 1

advancements until around 1950 due to poor semiconductor quality. Metal-semiconductor diodes
were replaced by p-n junctions in the 1950s due to their unreliability. Research on metal-vacuum
interfaces also contributed to understanding metal-semiconductor interfaces. The 1960s saw
significant progress in Schottky diode research [105], driven by factors such as the planar
process invention [106] and the proposal of metal base bipolar transistors [107]. Low-
temperature silicide formation [108, 109] and the availability of planar Schottky diodes led to
various new applications. The 1970s marked the commercialization of Schottky diodes for high-
frequency and fast-switching devices, particularly in computer circuits and microwave
communication systems. This summary provides an overview of Schottky formation and its

charge transport mechanism.

1.10.2. Theoretical Modeling of Metal-Semiconductor Interface

As far back as 1914, Schottky proposed that an applied electric field could reduce the barrier
height at a metal-vacuum interface [110]. However, it took fifty years for the accurate
determination of its impact on metal-semiconductor rectifiers [111]. In 1921, Richardson
introduced the concept of thermionic emission to explain electron emissions from hot metal
cathodes [112]. Bethe later developed a theory in 1942, building upon Richardson's work, to
explain metal-semiconductor rectification based on thermionic emission over an energy barrier
[113]. Fowler explained the photo-response in 1931 [114], which is now utilized for precise
measurement of metal-semiconductor barrier heights [115]. In the same year, Wilson proposed a
guantum mechanical tunneling theory for metal-semiconductor diodes [116]. Stratton suggested
rectification reversal due to tunneling dominance after thirty years [117]. In the late 1930s,
Schottky and Spenke devised a rectification theory based on carrier diffusion over an energy
barrier [118], which aligned with observed rectification polarity but lacked correct temperature
dependence. Schottky made several significant theoretical contributions, including the concept of
the depletion layer barrier and the relationship between barrier height and work function
difference. Bardeen later proposed fixing barrier height through pinning of surface states in
covalent semiconductors in 1947 [119]. In the early 1960s, Conley et al. and Stratton described
field emission tunneling, while subsequent studies explored tunneling of thermally excited
carriers [120, 121]. Crowell and Sze integrated Bethe's thermionic emission theory and
Schottky's diffusion theory into a unified thermionic diffusion model [122].
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1.10.3. Schottky-Mott Theory and Energy-Band Diagram

According to Schottky and Mott, the rectifying behavior observed in metal-semiconductor (MS)
contacts results from the development of a barrier potential between the semiconductor and
metal. This barrier arises because of the disparity in the work functions of the metal and
semiconductor, assuming the semiconductor to be devoid of conduction electrons in the
depletion region. Consequently, the creation of space charge in this area occurs due to
uncompensated donor ions. If the space charge is evenly spread throughout the depletion region,
the electric field strength increases linearly as one approach the metal from the edge of the
depletion region. Consequently, the electrostatic potential increases quadratically, resulting in the
formation of a parabolic potential barrier known as a Schottky barrier. The Schottky-Mott

approximation defines the barrier height in the MS contact as,

P =qVi +E.-Ep =@, - x5 (1.1)

Where, xs = @, - (E. - Er) represents the difference of energy between the bottom of the
conduction band and the vacuum level, known as the electron affinity of the semiconductor. The
degree of band bending is determined by the variance between the semiconductor work function
(&) and the metal work function (®,,) and expressed as Vq (diffusion potential) = &, - &. In
the case of an n-type semiconductor, if @, > @&,, the contact exhibits rectifying behavior,
whereas if &, < ®,, the contact is non-rectifying, i.e., ohmic. The scenario is opposite for a

metal p-type semiconductor configuration.
(a) Rectifying Contacts

Fig. 1.3 illustrates the energy-level diagram of a specific metal and n-type semiconductor, both
prior and after contact. The vacuum level serves as the reference point, with parameters &,
representing the work function of metal and @, denoting the work function of semiconductor,
while y signifies the electron affinity. Initially, when &, exceeds &, for an n-type
semiconductor pre-contact, the semiconductor's Fermi level surpasses that of the metal. To attain
thermal equilibrium, electrons migrate from the semiconductor to the metal’s lower-energy

states, leaving positively charged donor atoms behind and establishing a space charge region.
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Fig. 1.3: (a) Energy-level diagram of a metal and n-type semiconductor prior to contact, (b)

after contact for ®,, > P

The Schottky barrier height,®g, characterizes the barrier potential of electrons attempting to

traverse into the semiconductor flowing from the metal, expressed ideally as
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Fig. 1.4: Optimal energy-level diagram of a metal and an n-type semiconductor junction
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On the semiconductor side, Vi,; represents the built-in potential barrier encountered by electrons

in the conduction band moving towards the metal, defined as

Vi =P — D, (13)

Two scenarios arise: forward bias, where a positive voltage is enforced to the metal relative to
the semiconductor, reducing the semiconductor-to-metal barrier while keeping ® constant (Fig.
1.4(a)), and reverse bias, where a positive voltage is enforced to the semiconductor compared to
the metal, increasing the semiconductor-to-metal barrier (Fig. 1.4(b)). Schottky barrier diodes
(SBD) primarily operate via majority carrier conduction, exhibiting improved high-frequency
characteristics and switching speed compared to conventional p-n junctions. When & < &, for
a p-type semiconductor, as depicted in Fig. 1.5, a Schottky barrier forms, with the alignment of
Fermi levels resulting in a depletion region W, where ionized acceptors remain uncompensated,
creating a potential barrier against hole diffusion from the semiconductor to the metal, defined as
@, — @,,. Other scenarios involving metal-semiconductor contacts where @ < @, for an n-type

semiconductor and &, > @, for a p-type semiconductor yield non-rectifying contacts.

Metal Vacuum  Semiconductor
Metal Vacuum Semiconductor
(Pn=<9y) Level (p-type)
| nJ nJ |
qq)m q(bs qXS
Ey

7 |

(a) 7 (b)

Fig. 1.5: (a) Energy-level diagram of a metal and p-type semiconductor prior to contact, (b)

after contact for @, < P
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(b) Non-rectifying or Ohmic Contacts
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Fig. 1.6: Ideal energy-band diagram (a) before contact, (b) after contact of metal and n-
type semiconductor for ®,, < ®,; Ideal energy-band diagram (a) before contact, (b) after

contact of metal and p-type semiconductor for ®,, > @,

Fig. 1.6 illustrates the energy band arrangement at the junction of metal and semiconductor, both
in n-type and p-type configurations, before and after contact is established. When the metal’s
work function (@, ) is lower than that of the semiconductor (&) in the metal-n-type

semiconductor interface, electron transfer from the metal to the semiconductor occurs to achieve
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thermal equilibrium, resulting in an excess of electrons on the semiconductor surface, making it
more n-type. Application of a positive voltage to the semiconductor relative to the metal causes
electron flow to the semiconductor from the metal, leading to the formation of an Ohmic or non-
rectifying contact. Conversely, applying a positive voltage to the metal relative to the
semiconductor allows electrons to move easily from the semiconductor to the metal [123].

Similarly, considering the non-rectifying contact between a p-type semiconductor and a metal
with &, > &, during contact formation [Fig. 1.6 (c, d)], electrons from the semiconductor move
into the metal until thermal equilibrium is reached, leaving behind more holes at the surface,
making it more p-type. Consequently, electrons from the metal can readily move into the
semiconductor's empty states. This charge movement corresponds to holes flowing from the

semiconductor into the metal, establishing an Ohmic contact.

1.10.4. Modifications to Schottky-Mott Theory

It is practically observed that the metal semiconductor interfaces do not always follow the
expected behaviour as discussed above. This happens because Schottky-Mott theory neglected
the contribution of the surface dipole to the electron affinity of the semiconductor and the
metallic work function during the development of the MS contact. But in the real case, the
surface dipole layers are very active and arise at the surface of the interface. It generates a
distortion in the electron clouds of surface atoms. It avoids the overlapping of the center
belonging to the positive and negative charge distribution. As per equation (1.2) the barrier
height @5 should increase linearly with metallic work function @,,, however this dependence is
observed mostly in ionic semiconductor in contrast to covalent semiconductor where the
dependence is almost negligible.

In, 1947, Bardeen [119] first elucidated the surface dipoles and pointed out the nonlinear
dependence of &y on &, as the localized surface state has an important role in the barrier
formation in case of covalent semiconductors. In a covalent crystal, the surface atoms to make
covalent bonds only with neighboring semiconductor atoms; on the vacuum part, there are no
neighboring atoms available for bonding.

Consequently, each surface atom possesses one broken covalent bond, where one electron is
attached while the other is absent, termed as dangling bonds [124, 125]. These dangling bonds
create localized energy states within the semiconductor's surface, positioned within the forbidden
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energy gap. These surface states typically distribute uniformly throughout the band gap and are
defined by a neutral level ®,. The placement of this neutral level ensures that when there is no
band bending, the states are occupied by electrons up tod,, rendering the surface electrically
neutral. States below ®yact as donors when occupied and are positively charged when vacant,
while states above @, exhibit acceptor-like behavior. On pristine surfaces of covalent
semiconductors, the density of surface states matches the density of surface atoms. However,
layers of adsorbed foreign atoms can substantially decrease this density by filling the broken
covalent bonds.

Surface states alter the charge within the depletion region, thereby influencing the barrier height.
Illustrated in Fig. 1.7(a) is the electron energy band diagram of an n-type semiconductor under
flat band condition. This scenario represents a state of non-equilibrium, transitioning to
equilibrium when electrons from the semiconductor adjacent to the surface occupy states above
®d,, aligning the Fermi level at the surface with that in the bulk. Consequently, the surface
becomes negatively charged, leading to the formation of a depletion layer comprising ionized
donors near the semiconductor surface. Because of this dipole formation, a potential barrier
looking from the surface towards the semiconductor is created even in the absence of a metal

contact as depicted in Fig. 1.7(b).

Metal Semiconductor

= EC
E .............................. EF
¢-gf§ } Filled States
_iy Ev
%
(a)

Fig. 1.7: Electron energy band representations of an n-type semiconductor with surface
states. The representations illustrate (a) the flat band at the surface, (b) the surface in
thermal equilibrium with the bulk, and (c¢) the semiconductor in contact with a metal.
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When a metal is now brought in near the semiconductor to establish the contact by attaining
equilibrium, the Fermi level within the semiconductor needs to adjust in accordance with the
contact potential, facilitating charge exchange with the metal. When the density of surface states
at the semiconductor surface is very large, the charge exchange primarily occurs at a larger level
between the metal and these surface states, leaving the space charge within the semiconductor
relatively unchanged. Consequently, the height of the potential barrier in Fig. 1.7(c) becomes
independent of the metal work function and is mathematically given by

CDB = Eg - CDO (14)

In this scenario, the barrier height is described as being "pinned" by surface states. Equation (1.4)

will be referred to as the Bardeen limit.

1.11. Metal-Semiconductor Interface Categorization

Interfaces between metals and non-metals can be categorized into four main types based on the
resulting atomic arrangement at the interface:

Type a: In this category, the non-metal functions as an insulator or semiconductor, and the metal
is physisorbed onto its surface. Such interfaces demonstrate an ideal Schottky barrier contact,

where the barrier height correlates directly with the metal's work function.

Type b: Here, the non-metal is a highly polarizable semiconductor, like silicon, with a dielectric
constant (&) exceeding 7. The metal establishes a weak chemical bond with the semiconductor
surface, without forming a bulk compound. These interfaces resemble a "Bardeen barrier,"
assuming surface states spread throughout the semiconductor, allowing for a potential drop
across this region. In decent contacts of this kind, the barrier height is expected to show a slight

dependence on the metal's work function ().

Type c: Type Il interfaces involve a highly polarizable semiconductor undergoing a chemical
reaction with the metal, resulting in the creation of one or more chemical compounds. This

scenario signifies strong chemical bonding between the metal and the semiconductor, with the
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barrier height influenced by factors related to chemical or metallurgical reactions occurring at the

interface.

Type d: This type encompasses the formation of a thin native oxide film during the surface
preparation of a highly polarizable semiconductor. This film serves as an interfacial layer,
obstructing close contact between the metal and the semiconductor. Such interfaces are
commonly encountered in practical metal-semiconductor devices, with further discussion

provided in subsequent sections.

1.12. Contacts involving Surface States and an Insulating Interface
Layer

In most metal-semiconductor connections, the semiconductor surface is typically cleaned
chemically prior to metal deposition, resulting in the formation of a thin insulating oxide layer on
its surface. The thickness of this interfacial layer depends on the method of surface preparation
and, for optimal Schottky contacts should ideally be kept below about 20 A. The energy band
diagram illustrating a contact with such an interfacial oxide layer is shown in Fig. 1.8.

Insulating Interfacial-film

__E/[ela_l___ Semiconductor
T
E qib Ec
Fm 7 """""""""" E;
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—

Fig. 1.8: Diagram depicting the energy bands of a metal-semiconductor junction featuring

surface states and an interfacial layer.
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As previously explained, the Fermi level remains constant throughout the system, and the
vacuum level maintains continuity along the interface. The potential drops linearly across the
interfacial oxide layer, assuming it behaves as an ideal insulator with no charge. It is also
assumed that the bottom edge of the conduction band in the insulator lies below the vacuum
level. When the interfacial layer is sufficiently thin (i.e., <20 A), the potential drop across it is
negligibly small compared to that in the semiconductor depletion region. This thin region allows
electrons to tunnel through it in both directions, making it electron-transparent. Consequently,

@y and Vy,; remain largely unaffected by the presence of this thin interfacial layer.

Contacts with a thin insulating layer between the metal and semiconductor are more conducive to
theoretical understanding and analysis compared to those with thicker or stronger interfaces. This
is because the insulating layer acts as a separator, allowing the metal and semiconductor to be
treated as distinct systems. Thus, interface states can be considered as a characteristic of the
specific semiconductor-insulator combination, without considering any changes in the surface
dipole contributions to the work functions of the metal and semiconductor. Such simplifications
are not applicable when dealing with clean contacts.

1.13. Procedure for Schottky Diodes Fabrication

Selection of Materials: The choice of metal in Schottky diode fabrication is critical and varies
based on the type of semiconductor. For n-type semiconductors, Aluminum (Al) or Platinum (Pt)
is commonly favored to establish rectifying contacts. While Silver (Ag) boasts excellent
electrical conductivity, its susceptibility to oxidation limits its suitability in metal-semiconductor
junctions. In thin film applications, Indium Tin Oxide (ITO) on a glass substrate is chosen for its
resilience at high temperatures. Specific orientation, thickness, and resistivity of Silicon wafers

are carefully considered for silicon-based Schottky diodes.

Cleaning: To ensure pristine surfaces, 1TO-coated wafers undergo thorough cleaning with
trichloroethylene, acetone, and methanol solvents. The final cleaning step involves using a 30-
40% HF etching solution [126].

Rinsing: Wafers undergo multiple rinses in de-ionized (DI) water before subsequent deposition

procedures.
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Semiconducting Materials Deposition: Semiconducting layers are deposited onto the ITO
coated glass substrate using Spin coating units with controlled rotation speed. Alternatively,
other Physical Vapor Deposition (PVD) methods, such as electron beam evaporation, may be

employed for deposition.

Formation of Ohmic Contact: Ohmic contacts on the backside of silicon wafers are established
for efficient electrical connections to semiconductor regions. High-purity aluminium or the
chosen metal is deposited using vacuum coating units, maintaining constant low pressure for
uniformity up to several tens of nanometers. Annealing optimizes temperature, duration, and

pressure, facilitating inter-diffusion and forming well-defined Ohmic contacts.

Schottky Contacts: Prior to metal deposition, silicon wafers are cleaned and etched in a 40%
HF solution to remove the native oxide layer. A thin layer of the chosen metal is then applied to
the semiconductor surface using deposition techniques such as sputtering or evaporation, with

thickness controlled for desired electrical characteristics. Optional steps may include:

Photolithography: Defining the Schottky contact area through photolithography involves
applying photoresist, exposing it to UV light through a mask, and developing the pattern through

chemical processing.

Etching: Precision etchants selectively remove metal in exposed regions, defining the final

geometry of the Schottky diode.

Passivation: Optionally, a passivation layer is deposited over the Schottky diode to enhance
long-term stability and shield it from environmental factors.

1.13.1. Utilization of Aluminium in Device Fabrication

Aluminium, the most abundant metal on Earth, is distinguished by its outstanding malleability,
ductility, and lightweight properties. It is relatively soft compared to many other metals. In
addition to its mechanical characteristics, aluminium exhibits commendable electrical and
thermal conductivity while retaining good resistance to corrosion. Notably eco-friendly, it can be

recycled without losing any of its inherent qualities. In contrast, platinum, a heavier and more
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expensive metal, possesses a higher work function of 5.65 eV, contrasting sharply with

aluminium's lower work function of 4.2 eV.

1.13.2. Indium Tin Oxide (ITO) Coating on Glass Substrates

Indium Tin Oxide (ITO) is a compound comprising indium (In), tin (Sn), and oxygen (O), with a
composition of 74% In, 18% Sn, and 8% O. Renowned for its unique blend of electrical
conductivity, optical transparency, ease of deposition as a thin layer, and resistance to moisture,
ITO stands as one of the most widely used transparent conducting oxides. Typically, thin layers
of indium tin oxide are applied onto glass surfaces using physical vapor deposition techniques.

These films boast optical transparency exceeding 80% for thin layers, coupled with a low
electrical resistivity of just 10 ohm-cm [127].

1.13.3. Metal Deposition

The creation of metal-semiconductor junctions adopts a vertical sandwich configuration,
specifically Al/synthesized material/ITO, chosen for its simplicity in junction formation. The
initial step involves thorough cleaning of the ITO substrate, which undergoes a sequential
cleaning process involving ultrasonication with a mild basic water solution (containing a small
amount of sodium hydroxide in DI water), followed by rinsing with acetone, ethanol, and
distilled water. Subsequently, the synthesized material is dispersed or dissolved in a suitable
medium under ultrasonication and spin-coated onto the pre-cleaned ITO substrate at a specified
rpm for multiple cycles. The resulting films are then dried in a vacuum chamber for several

hours.

The subsequent stage entails depositing aluminium metal onto the thin film of the material

through thermal evaporation. This process utilizes an electron gun within the vacuum coating
unit, maintaining low pressure, typically at 10° mbar. To precisely define the metal-

semiconductor interface, a shadow mask is employed during metal deposition, ensuring an
effective junctional area of 7.065 x 10° m2. The schematic structure of the fabricated Schottky

diode is depicted in Fig. 1.9.
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Fig. 1.9: Illustration depicting the constructed MS junction Schottky diode.

1.14. Electrical studies of Schottky barrier diodes

1.14.1 Techniques for determining the series resistance, barrier height and

ideality factor

After the successful creation of the device, it's crucial to assess different parameters of the
Schottky diode. Multiple methods exist for measuring key Schottky diode characteristics, such as
the series resistance, ideality factor and Schottky barrier height. These parameters will be
elaborated upon in the subsequent section.

The primary mode of current transport in a metal-semiconductor junction primarily involves the
movement of majority carriers, rather than minority carriers as seen in a pn junction. The
essential mechanism within a rectifying contact with an n-type semiconductor relies on the
transport of majority carriers (electrons) across the potential barrier, resulting in the
characteristic 1-V curve, which can be illustrated by the theory of thermionic emission. This
theory assumes that the height of the potential barrier significantly exceeds KT, allowing for the
application of the Maxwell-Boltzmann approximation, and that thermal equilibrium remains
unaffected by this process. According to the thermionic emission theory governing the

movement of electrons across the barrier, the current density through a well-formed Schottky
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barrier diode (SBD) constructed on high mobility semiconductors like Si and GaAs under

forward bias voltage is expressed as follows:

_ av) _
J =Jo |exp (ir) = 1] (1.5)
Where the current density denoted as J and the reverse saturation current density Jo is expressed
as follows:
— A*T2 _ 9%
Jo=A'T exp( T ) (1.6)

Where, q represents the charge of electron, V denotes the tested voltage across the junction, n
stands for ideality factor of the diode (a dimensionless parameter), K represents Boltzmann’s
constant, T signifies the absolute temperature in Kelvin scale, ®g denotes the effective barrier
potential height, A" is calculated as 4mgm*k?/h3which represents the modified Richardson’s

constant for the semiconductor.

We can reconfigure equation (1.6) for the reverse saturation current to determine the value

of ®g, which remains unaffected by bias, by expressing it as:

*m2
Dp = i) (1.7)
q Jo

To ascertain the value of Jo, a semilog graph of J vs. V is constructed (for forward values of V
exceeding 3kT/q), yielding a linear relationship. Extrapolating the semilog of J for V = 0 allows
for the determination of J,. Given the knowledge of A", along with the saturation current density
Jo and the temperature T, the barrier height @y can be calculated. This value, obtained through
this method, represents the barrier height at zero-bias and incorporates the barrier

lowering A®g due to image force.

Even in the absence of knowledge regarding the A" value, the height of the potential barrier can

still be determined by plotting the J-V curve across a temperature range and deriving Jo for each

temperature. This involves creating a linear plot of In (]O/Tz) against 1/T. The slope and

intercept values on the vertical axis (I O/TZ) are then utilized to ascertain both ®g and A*.
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In 09/72) = In (a) - 2 (18)

Typically, this equation yields the barrier height at OK, which tends to be slightly higher than the
barrier height observed at room temperature.

In practical Schottky devices, the ideality factor often surpasses unity, indicating non-ideal
behavior attributed to barrier inhomogeneities. Such deviations may stem from a high likelihood
of electron-hole recombination in the depletion region, tunneling current, or the presence of an
interfacial layer [128]. When current levels are high, the series resistance (Rs) arising from the
metal, semiconductor, and their interface becomes critical in reducing the effective voltage

applied to the contact point.
Veff =V-1I RS (19)

Cheung's method [129] is employed to evaluate the ideality factor and series resistance. The bias
voltage can be reformulated by rearranging equation (1.5).

I =Jo [exp (Yo2) - 1] (1.10)

Under specific conditions such as forward bias (V > 3KT/q) and V >> IRg, and by

differentiating the voltage with respect to InJ, equation (1.10) can be expressed as shown [130].

dv nKT

m—A]RS FRLES (1.11)

Equation (1.11) is utilized to perform linear regression analysis on the plot ofdi—::] vs. J, from

which the slope and intercept values are obtained to derive Rs and .

In 1986, Cheung et al. proposed a model to determine the barrier height (®g) and provide a
secondary assessment of the series resistance (Rs) through current-voltage analysis. According to
their model, the voltage-dependent Cheung’s function H(J) is expressed as [129].

H() =V - % n(-5)=AJRs + n g (1.12)
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An issue arises when trying to extract accurate barrier height values in cases where there is
substantial series resistance. This situation limits the linear part of the In J versus V plot and
complicates the accurate extrapolation to V = 0. In 1979, Norde [131] introduced an alternative
method to ascertain the series resistance and barrier height of the metal semiconductor junction,

particularly in scenarios where thermionic emission is predominant, termed the Norde function.

F(V)=2— %m (%) (1.13)

Where J represents the current density derived from the J-V curve, 'a' is a constant greater than
the ideality factor of the diode (i.e., >2, assuming n=1) [132], f=q/KT, and other parameters are
as mentioned previously. Assuming the diode includes a series resistance R,

J = 1o [exp (1522 — 1] (1.14)

The voltage dependence of @y is disregarded. When the voltage across the diode exceeds 3kT/q,

the given equation can be combined with Equation (1.13) to derive:

F(V) = ®p +IR -~ (1.15)
For small V values (but surpassing 3kT/q), the term IR is negligible, resulting in a linear F(V)
versus V plot with a slope of — % The intercept at V = 0 provides®y , although the linear range

may not be extensive enough for accurate determination. Conversely, for larger V values, the
current is predominantly determined by R, leading to 1= V/R and F(V) approaching a straight

line with a slope of +1/2.

F(V) =2 - %m (RA:\’*TZ) (1.16)

Thus, the slope of the F(V) versus V graph transitions from —%to +%, and F(V) reaches a

minimum between the two limits, as Norde demonstrated that this minimum corresponds to a

specific value of F(V) satisfying the relationship.

Vmin 1 Imin
F(Vmin) = T — Bll’l (m) (117)

The Norde function facilitates the determination of barrier height (®g) and series resistance (Rs).
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Vinin 1
g = F(Vipin) + = — =2

; (1.18)

And, Rg = ;I‘.“ (1.19)

Where Inin represents the forward current value at the voltage Vmin, Where F(V) exhibits its

minimum.

1.14.2. Estimation of Mobility and Transit Time

The J-V characteristics can be further explored by analyzing the mobility (ueff) and lifetime (1)
of charge carriers using the space-charge limited current (SCLC) theory, which helps to
understand the charge transport mechanism for various photo-induced applications [133]. When
plotting log (J) against log (V) for positive voltages, distinct linear regions emerge, indicating
different conduction mechanisms. In metal-semiconductor junctions, interfacial trap states
significantly affect charge carrier conduction, altering the J-V characteristic curves. Initially, at
low bias, Ohmic behavior (J « V) with a near unity slope is observed, suggesting predominant
conduction by intrinsic charge carriers [134]. As the slope increases, typically reaching 2,
injected carriers from the contacts start to dominate over intrinsic carriers for intermediate
potential values, establishing a spatially distributed charge field. Mobility mainly governs
quadratic current (J e V) in this region [133, 135]. Eventually, at higher applied voltages, the
device surpasses the trap-filled limit, leading to conduction primarily through ‘trap-free space-
charge limited current' characterized by power-law behavior (J o V", where n > 2),
corresponding to region 111 [135]. The electron mobility is estimated from the slope of the J vs.
V2 plot using the Mott-Gurney equation [135].

J = hetiot (Z—z) (1.20)

where, g, €. and d stand for the free space permittivity, the dielectric constant of materials and
the thickness of the diode, respectively.
The dielectric constant (g;) of the synthesized materials can be estimated from the capacitance

(C) vs. frequency (f) plot obtained from impedance analyzer measurements.
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g =L d (1.21)

where, Cgy IS the saturated capacitance [136].

Additionally, the transient time (t) of charge carriers can be deduced using a specific equation

[137].

=) a2

1.14.3. Capacitance-Voltage Measurements

The capacitance of the Schottky barrier diode's depletion region is linked to its width and is
assessed by varying the tested reverse bias voltage. If AC voltage of a few millivolts is tested to
the reverse-biased diode, the capacitance (C) of the depletion region for a non-degenerate
semiconductor under reverse bias voltage (V) is described as follows:

_ SSqu l
¢= S[Z{Vi +Vp— (Kq—T)}]z (123)

In the provided equation, S represents the cross-sectional area of contact, & denotes the
permittivity of the semiconductor, and all other symbols maintain their conventional meanings.
This equation assumes that the diode lacks a significant interfacial oxide layer and that the n-type
semiconductor possesses a uniform donor concentration Ng. If @5 remains unaffected by the

applied reverse bias voltage (Vg), plotting 1/C? against Vr should result in a linear relationship,
with an intercept V, =(V; — Kq—T) on the horizontal voltage axis, equivalent to [®5 — &, — (Kq—T)],
where @, signifies the disparity in energy between the bottom of the conduction band and the

Fermi level in the semiconductor. The slope of this Iine,m, facilitates the determination of
S G0 d

the carrier concentration Ng, with A representing the effective diode area and €, denoting the
permittivity of free space. As qV; =(®p — @,), the barrier height @5 can be calculated as
follows:

&g =qV,+ ®, + KT (1.24)
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The KT term originates from the dominant carrier's impact on the space charge, and Equation
(1.20) does not incorporate the reduction in the barrier due to the image force. &, can be

determined using the formula,
@, =~ In(3°) (1.25)

where N¢, conduction band’s effective density of states, is provided by the equation,

21rm*KT)3/2

NC :2( W2

(1.26)

where m” denotes the effective mass of electrons, equivalent to 0.22 times mg, the rest mass of an
electron, which is 9.11x10! kg.

1.14.4. Photoelectric Measurements

Photoelectron spectroscopy, also known as photoelectric emission, stands as one of the pivotal
and dependable techniques for examining solid surfaces and serves as a direct means to ascertain
®g. When monochromatic light of a specific wavelength is directed onto a metal in contact with
a semiconductor, and the photon energy hv exceeds the barrier height yet falls short of the
semiconductor’'s band gap, the incident photons prompt a few electrons to traverse the barrier
from the metal. As per the Fowler theory, the resulting photocurrent in the external circuit, Iy

under the condition where (hv - ®g) >> 3KT, is given by the equation
loh = B (hv - ®g)° (1.27)

Where, B represents a constant of proportionality. Plotting Iy, against hv yields a linear

relationship, and the intercept on the hv axis directly yields the barrier height ®g.

Modern-day photoelectron spectrometers gauge the energy distribution of emitted electrons
rather than the total photocurrent. These spectrometers provide insight into the number of

emitted electrons at various kinetic energy levels, ranging from zero up to a maximum value
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determined by the energy of the incident photons. In numerous spectrometers, X-ray sources

emit the photons, leading to the method being termed X-ray photoelectron spectroscopy or XPS.

1.15. Applications of Schottky Barrier Diode

Schottky diodes possess several advantageous characteristics compared to conventional p-n
junctions, including a low forward voltage drop, higher current drive capacity, and, depending on
the Schottky barrier height (SBH), a larger saturation current, rendering them suitable for various
applications. Serving as a versatile rectifier, they find utility as both half-wave and full-wave
rectifiers in circuits. Their non-linear 1-V behavior makes them ideal as varistors. It can be used
as varactors due to the variation in depletion-layer capacitance under reverse bias. Schottky
photodiodes exhibit notable speed, making them suitable for optical devices. With their high-
frequency capability, Schottky Barrier Diodes (SBDs) are particularly valuable as detectors and
microwave mixers among all rectifiers. They serve as foundational components in numerous
photosensitive devices such as solar cells, metal-base transistors, photodetectors, and MESFETSs.
Additionally, they function as clamping diodes in transistor-transistor logic circuits and
integrated injection logic circuits. Their low loss, characterized by a low voltage drop in forward
bias conditions, makes them prevalent in power electronics, particularly in low-voltage, high-
current power supplies. Moreover, Schottky diodes lack minority carriers, thus circumventing
limitations associated with minority carrier recombination time inherent in p—n junctions,
resulting in significantly faster operation and suitability for use in digital logic circuits as rapid
switches.

Furthermore, metal-semiconductor contacts play vital roles as gate electrodes in field-effect
transistors, the third terminal in transferred-electron devices, drain and source contacts in
MOSFETSs and electrodes for high-power IMPATT oscillators.

1.16 Outline of the Thesis

The thesis covered on the synthesis, characterization and study of charge transport mechanism of
inorganic and organic nano-composites. Lots of studies about the structural and electric
properties of MoWS, have been carried out many researchers. Schottky barrier diodes, on the
other hand, are a very important part to the next generation technologies as well due to its

frequent occurrence in numerous electronic devices such as transistors, photodetectors and solar
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cells. Extensive research has unveiled typical electronic and charge transport characteristics of
molybdenum tungsten disulfide (Mo1.xW,S,) with the change in ratio of tungsten amount. The
simple material synthesis and photovoltaic device fabrication procedure has encouraged
researchers to investigate its electrical properties in a greater depth. In this regard, different
organic materials have been synthesized, characterized and their device application has been
studied in detail during this research work. A brief discussion of the following chapters is given
below.

The first chapter introduces the importance of Schottky barrier diodes in electronics, covering
their historical context and the physics of Schottky junction formation. It also discusses research
on inorganic nano-composites including 2D materials like Transition Metal Dichalcogenides,
organic semiconductors, emphasizing their synthesis, applications, and the superiority of organic
semiconductors in electronic devices, with a focus on metallogels. The second chapter conducts
comparative analyses on Schottky diodes made from MoS, and Mo;xWxS,-alloy composite,
investigating structural, optical, and electrical properties while determining various device
parameters. It details the hydrothermal synthesis of MoS, and MoWS, composite, followed by
comprehensive material characterization, including impedance spectroscopy and current-voltage
studies to assess device performance, with impedance data simulation using suitable equivalent
circuits. In third to fifth chapter, I synthesized and characterized various organic supramolecular
metallogels, highlighting their semiconducting properties through band gap values and their
potential application in photosensitive devices via opto-electronic analysis. The third chapter
details the synthesis of a supramolecular Mn (I1) metallogel, showcasing its mechanical strength
and viscoelastic properties through rheological experiments, micro-structural analysis via
FESEM, and infrared spectrum analysis for Mn-ATA formation. Electrospray ionization mass
investigation confirms metallogel components, while diode parameter measurements reveal its
semiconductor nature. The Mn-ATA-based device exhibits Schottky diode behavior, with
enhanced rectifying properties under illumination, indicating photo-responsive characteristics.
The fourth chapter outlines the synthesis of two distinct supramolecular metallogels, Mn-BDA
and Cd-BDA, highlighting their mechanical flexibility via rheological experiments and
significant mechanical stability. Morphological observations through FESEM, along with FT-IR
and ESI-mass spectroscopic analyses, validate non-covalent supramolecular interactions.
Additionally, two Schottky diodes (SDs) fabricated with ITO/Cd-BDA/AI and ITO/Mn-BDA/AI
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configurations exhibit significant semiconductor characteristics with nonlinear J-V curve. The
fifth chapter details the synthesis of a supramolecular Ni(ll)-metallogel and investigates its
mechanical properties through rheological studies, with FESEM revealing flake-like
morphological patterns. FT-IR spectroscopy is employed to examine the formation of the
metallogel, while thin film devices demonstrate electrical conductivity in metal-semiconductor
junctions, evaluating their semiconductor properties such as Schottky barrier diode behaviour.
The sixth chapter outlines solar energy's potential as a renewable source, discussing early
photovoltaic developments and the importance of emitter design in crystalline silicon solar cells.
It compares selective emitter cells' advantages and disadvantages to homogeneous emitter cells.
Selective emitter technology in photovoltaic aims to balance contact resistance and surface
recombination velocity, boosting solar cell efficiency. Various fabrication methods, including
laser over-doping, are explored, with a novel technique proposed in the seventh chapter. Laser
over-doping emerges as a cost-effective and straightforward approach, eliminating the need for
double diffusion. The seventh chapter introduces a novel method for creating a selective emitter
in n type crystalline silicon solar cells, combining the formation of both the front side selective
emitter and rear back surface field (BSF) layer in a single rear side diffusion step. This
innovative technique achieves a selective emitter with varying levels of diffusion, demonstrating
cost-effectiveness by eliminating the need for additional heat treatments or chemical etching
processes. The eighth chapter focuses on creating n-type crystalline silicon selective emitter solar
cells via laser over-doping, optimizing parameters such as dielectric passivation layer, doping
profile, and etching through simulation methods. It introduces a low-cost, industrially feasible
Al,O3 passivated n-type c-Si selective emitter solar cell with an efficiency of 17.2%, comparing
it with conventional homogeneous doping emitter solar cells. All process parameters remain
consistent between the two cell types, ensuring a fair comparative study. The ninth chapter

summarizes the key findings and contributions of the study, outlining future research directions.
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Improvement of charge Kinetics of MoS, nano-petal
based Schottky device by incorporation of W: A
comparative study of structural, optical, and electrical

properties
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Abstract

Molybdenum Tungsten Di-Sulphide is a semiconducting alloy of different TMD (transition
metal dichalcogenide) materials that has enormous tunable structural, optical, and electrical
attributes. In this chapter, we have performed the hydrothermal synthesization of
Mo1.xW,S, nanocomposites with different molar concentration of tungsten (i.e. x=0, 0.1, 0.2,
0.3) and fabricated Al/ Mo1WxS,/ITO structured Schottky Barrier diodes. Characterization of
their structural, optical, and charge transport attributes are compared. In this alloy formation, the
amount of W (tungsten) concentration has a great impact on the particle size of composites. The
transportation of charges via the metal-semiconductor junction is the basis for the superiority of
thin film semiconductor devices like the Schottky diode. The diode parameters as well as charge
transfer characteristics were analyzed by Impedance Spectroscopy and the theory of SCLC
(space charge limited current). The calculated mobility and transit time for the Moo sWy S,
device are 5.65x10* m? V! st and 1.59 ns respectively. These results are better than the rest of
the devices. Dramatic conductivity enhancement for the Moy gW,2S,.based Schottky device is
observed. As a result, this chapter not only investigates AI/MoWS; interface in detail but also
explains the faster and better charge transport of the Moo sW, »S,-based device from a structural

perspective.
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2.1. Introduction

Many 2D and 3D materials have been tremendously explored in recent years due to their
distinctive traits illustrating considerable optical characteristics along with incredibly quick
recovery times [1], mechanical flexibility [2], substantially greater modulation depths [3], and
even high electrical conductivity [4]. The distinct properties of 2D and 3D materials turn them
very appealing to use in optoelectronic devices. Among these materials, one of the varieties of
2D material, transition metal dichalcogenides (TMDs) are like MX; form, M denotes Mo and W
type transition metal, and X indicates S, Se, Te type dichalcogenide. They have a vast quantity of
applications in capacitors, electrochemical devices, solid lubricants, electronic and photo-sensing
components like ultrasensitive and ultraresponsive photodetector that are very thin, flexible, and

almost transparent [5-10].

Currently, alloying different TMD materials are highly exciting because of aspects like greater
thermal stability, extended optical absorption [11], and an elevated layer-dependent feature [12-
14]. TMD alloy development can activate the inert basal planes of TMD materials [15].
Furthermore, doping heavy atoms makes electron injection easier. The quantity of electrons
injected is determined by the level of doping. Tungsten (W) is a transition metal with the same
physical and chemical characteristics as Mo and high electron density. Furthermore, WS, has a
comparable crystal structure and lattice constants to MoS; [16]. As a result, we may hypothesize

that even after being doped with W, the crystal structure of MoS; can remain stable.

MoS; and WS, together yield a mixed TMDs compound with the chemical formula Mo;_\W,Ss.
Such promising substances (MoWS;) have substantial performance enhancements, especially to
their structural characteristics and band gap tunability [17] because the dimensions of the
constituent elements differ intrinsically. WS,/MoS, composite comprised of two S layers with a
sandwiched W/Mo layer in between (S-W-S or S-Mo-S) by Vander Walls interactions [18-20].
Despite the fact that a lot of studies have been undertaken for the WS,/MoS,-based composites,
there haven't been any reports of the utilization of semiconducting MoWS;, composite material in
the context of the metal-semiconductor junction as Schottky Barrier Diode (SBD) applications
yet. There is possibility of tuning the work function of different semiconductor materials by
modifying their bandgap purely by optical means, so there are some possibility for creation of

different metal-semiconductor junctions which provide better conduction [21, 22].
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In this chapter, | have discussed the synthesis process of the novel MoS, and mixed TMDs Mo;.
W, S, (x=0.1, 0.2, 0.3) composites using a feasible and highly productive hydrothermal method.
Due to the unique structure and electronic composition of Mo1x\W,S,, the fabricated Mo sWo 2S>
compound illustrated an organized architecture with enormous nano-petals with the smallest
crystallite size. X-Ray diffractometer (XRD), field emission scanning electron microscopy
(FESEM), UV-VIS spectroscopy as well as Raman spectroscopy were used to systematically
characterize the samples, along with that, N, gas adsorption investigation using the BET method
and Thermo gravimetric analysis (TGA) have been performed to decide the nature of the
nanosheets. After Schottky devices are fabricated with these materials, | explored the impedance
behavior and mobile charge dynamics of the AI/MoWS, interfacial region by utilizing

Impedance Spectroscopy (1S).

Studying the charge carrier transit process in both semiconductor devices and solar cells has
become a popular technique in modern times. To investigate the charge transfer process, |
have examined the J-V characteristics and computed the Schottky diode specifications including

Mobility, Transit Time, Barrier Height, and Ideality Factor.

Briefly, the derived results fairly explain the cause of the synthesized MoggWo .S, nano-
composite structure revealing a superior conductivity and high rectification ratio in the Schottky
diode switching application. It has great potential in the upcoming metal-semiconductor

junction-based research domain.

2.2. Experimental Section

2.2.1. Material preparation

Sodium Tungsten Di-Hydrate (Na;W0QO,4.2H,0), Sodium Molybdate (Na;Mo00,4.2H,0), Thio-
urea/Thio-carbamide (CN,H;S), Oxalic Acid (H.C,0,) and Hydroxylamine hydrochloride
(HONH;3CI) were purchased from Merck and utilized as precursors without any additional

filtration.

2.2.2. Synthesis of Molybdenum Di-Sulfide

The Molybdenum Di-Sulfide compound was synthesized by hydrothermal method. For the
synthesis of pure MoS;, 0.001 M of Na,M00,.2H,0 was first taken in 40 ml of deionized water
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in a beaker and then stirred vigorously for 15 minutes to make a homogeneous solution. Then
0.002 M of CN;H,S, H,C,04, and HONH3CI were mixed one after another into another beaker in
separate 40 ml DI water to make the 2" solution. After that, the 2" solution was mixed drop-
wise with the prepared 1% solution drop-wise under stirring conditions. Then, the mixture of 80
ml solution (1% solution and 2" solution) was poured into a 100 ml Teflon lined autoclave and
heated for 48 hours at 180°C. Having naturally cooled, a bluish-black precipitate was formed as
the resulting product which was washed using centrifugal force repeatedly with DI water and
ethanol sequentially to eliminate contaminants and non-reacting components originating both in
the solvent and from the precursors. Precipitation was then vacuum-dried at 60°C and gathered

as bluish-black powder.

2.2.3. Synthesis of Molybdenum Tungsten Di-Sulfide

Molybdenum Tungsten Di-Sulfide compounds with different molar ratios were also synthesized
by hydrothermal method. Mo;xW,S; of different molar concentration of tungsten (i.e. x=0.1, 0.2,
0.3) were synthesized, by replacing Na;Mo00O,4.2H,0 with Na,WQO,4.2H,0. The subsequent steps

are identical to the preparation of pure MoS,.

2.2.4. Thin Film Device fabrication

To fabricate different Metal-Semiconductor (MS) junction devices i.e. Schottky devices with the
synthesized compounds, four glass substrates with Indium Tin Oxide (ITO) coatings were rinsed
primarily in iso-propanol using ultrasonication for 15 minutes. Afterward, they were thoroughly
washed in acetone and DI water successively one after another with ultrasonication for 10
minutes and then vacuum-dried in a chamber. In N-N-Dimethyl Formaldehyde (DMF), the
samples were well dispersed until homogenous dispersions were produced. Using the SCU-2007
spin coating unit under vacuum, these dispersions of the synthesized materials were spin-coated
for 30 seconds at 1200 rpm onto the pre-cleaned ITO glass. The final step was carried out 4
times to get the uniform thin films of respective composites. The films were subsequently dried
in a vacuum chamber. Using a surface profiler, the thicknesses of all the respective films were
obtained as 1 um. Aluminum (Al) metal was finally deposited onto the films through the use of a
shadow mask utilizing an electron gun of e-beam vapor deposition Unit (HINDHIVAC) at a base

pressure of 10°° Torr to get sandwich structures. Thus, an MS interface has been generated and
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the active diode area has been retained as (7.065+0.063)x10 cm? by the shadow mask of 3 mm

diameter.

2.2.5. Capacitance-Frequency measurement

Before Aluminium metallisation in the device fabrication process dried-films are ready for
capacitance versus frequency measurement. For this one connection (high) is taken from the film
and other connection (low) is taken from the ITO. The changes of capacitance with frequency is
measured by using a 50 mV oscillating voltage and a frequency regime of 40 Hz to 5 MHz at
zero bias voltage.

2.2.6. Material characterization

Through the utilization of Bruker manufactured D8 X-Ray Diffractometer with Cu Ka radiation
(wavelength 2=0.15418 nm), scanned within the span 10°=70", | was able to get the information
needed to determine the phase and structure from the Powder X-ray Diffraction (XRD)
experiment. The morphology of the as-synthesized sulfide nanostructures was assessed by FEI-
built Field Emission Scanning Electron Microscope (FESEM) (Inspect F50) image. To determine
the material constituent, EDAX (Energy dispersive X-ray Analysis) characterization was carried
out. Raman spectra analyses of the synthesized samples were obtained by a Horiba-Jobin-Yvon
LabRAM HR Raman spectrometer (Excitation: 532 nm Green Laser). Optical spectra of UV-Vis
absorbance were recorded using a Perkin Elmer Lambda 365 UV/VIS Spectrophotometer
(Shimadzu, 2401PC UV/Visible PC) to study the light adsorption property of the materials. For
BET measurement, N, gas adsorption research has been carried out at 77K using a Quanta
chrome Autosorb-iQ adsorption device. This investigation had been performed with the
desolvated state of pure MoS, and various MoWS, composites retained by a liquid-nitrogen
bath in varying pressures of 0 to 1 bar range. Without any additional purification, N in its purest
form (99.9999 %) is used to experiment. Thermo gravimetric analysis (TGA) was conducted by
METTLER TOLEDO TGA/SDTA- 851-e. Agilent 4294A device was used to acquire the
capacitance versus frequency data of the material and the Impedance Spectroscopy (IS) results of
the Schottky diode. To perform the electrical study utilizing the current density-voltage (J-V)
characteristics, the Keithley 2635B source meter interfaced with a computer had been used. All

aforementioned experiment was done at room temperature.
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2.3. Results and discussions

2.3.1. Structural analysis

The crystalline phase and crystallite size of nanoparticles can be detected using X-ray diffraction
analysis. The obtained powder XRD patterns (PXRD) of the synthesized pure MoS; and various
Mo W,S; (x =0, 0.1, 0.2, 0.3; where x refers to the variations in Tungsten sourced precursor
molar concentration for synthesis) composite structures have been compared which indicates
good crystallinity in Fig. 2.1. For pristine MoS, pattern, the observed diffraction peaks can be
seen at Bragg’s angle 13.717°, 33.693°, and 58.927° respectively correspond to (002), (101), and
(110) planes of the hexagonal MoS, primitive lattice (JCPDS Card No. 77-1716). The lack of

any secondary phase verifies the pure and single-phase MoS; nanoparticle synthesis.
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~ (110)
e lod, . o
g = Mog.gW0.25;
S =
= (110)
& =
/'\g\,i

. .
Moy W15

(110)

g ~ MosS,
=) (110)

Intensity (a.u.)

St bttt
§ = M(]SZ
S = JCPDS File No. 77-1716
= (110)
L ]

100 20 30 40 50 60 70
20 (Angle)

Fig. 2.1: XRD spectra of MOSz, MOo,9W0,1Sz, MOo,sWo,zSz, and MO()_7W0,3Sz.
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The diffraction peaks for MoWS; composites are equally sharp and precise, indicating a top level
of crystallinity for these hydrothermally synthesized compounds. For reference JCPDS file no.
77-1716 (for pure MoS,) and JCPDS file no. 08-0237 (for pure WS,) are inserted in Fig. 2.1.
According to Bragg's equation,

2dsinf = nA (2.1)

Where 0, d, A, and n respectively represent diffraction angle, interplanar spacing, X-ray
wavelength, and diffraction series. MoS; and WS, each have a typical diffraction peak along
(002) at 14.398° and 14.319°, respectively. Other than the primary peak there are two more
distinct peaks for 101 planes and 110 planes found in all synthesized compounds. For the x =
0.1, 0.2, and 0.3 alloys, there is no sign of individual MoS; or WS,, indicating that the material is
a pure alloy.

Using the Debye-Scherrer formula [23], | determined the size of the crystallites from XRD

information.

KA
" PBcosH

(2.2)

Here, A denotes X-ray wavelength (0.15418 nm), D defines the size of crystallite, k indicates the
shape factor, and B represents full width at half maxima (FWHM) in radian. In this case, the
accepted standard value of k is 0.9. The calculated crystallite sizes from PXRD for relevant

compounds are listed in Table 2.1.

The observed increment of FWHM for composites with 10% and 20% alloying highlights the
reduction of crystallite size as shown in Table 2.1. While for composite with 30% alloying the
FWHM decreases and the crystallite size increases again. Using the following formula [24], the

micro strains (1) in the samples are determined.

__ PBcosB

(2.3)
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Table 2.1: XRD analysis parameters

Molybdenum | Position | FWHM d- (hkl) Lattice | Crystallite | Micro
Amount of Peak (B) (°) | spacing | crystal | Parameter | Size (D) | strain (n)

(20) A) system | (a=b, c) (nm) X (103)

(A)

1 13.717 4.65 6.387 002 a=b=3.10 1.72 20.152

33.693 1.11 2.654 101 c=12.77 7.47 4.641

58.927 3.01 1.550 110 3.04 11.386

0.9 13.837 4.68 6.419 002 a=b=3.11 1.71 20.278

33.393 1.65 2.695 101 c=12.84 5.02 6.899

59.023 3.23 1.556 110 2.83 12.247

0.8 13.217 5.98 6.419 002 a=b=3.13 1.34 25.912

33.313 2.96 2.695 101 c=12.84 2.80 12.385

58.547 3.86 1.564 110 2.36 14.661

0.7 14.097 5.20 6.646 002 a=b=3.19 1.54 22.548

32.693 291 2.727 101 c=13.29 2.84 12.182

58.527 3.79 1.595 110 2.40 14.468

Images obtained from the Field Emission Scanning Electron Microscope (FESEM) of

hydrothermally synthesized Mo;x\W,S, nanoparticles are presented in Fig. 2.2 (a-d) where x = 0,

0.1, 0.2, and 0.3 respectively. It is observed that the surface morphology of all the samples has a

typical 3D spherical Camellia flower-like structure and looks more or less similar. Individual

MoS; sphere has an average diameter of 0.2 um, as shown in Fig. 2.2 (a).

The surface of this spherical morphology is mostly made up of tightly stacked 2D curved nano

petals which originate in a randomly crosswise manner. It also demonstrates that the highly

scattered 2D nano-petals can develop towards the right angle to the surface, leading to the

eventual formation of the spherical architecture. Fig. 2.2 (b, ¢, and d) show FESEM images of
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the W-doped MoS, composites. Overall, they generally correlate with the pure structure,
indicating that each of these composite structures with increasing doping of tungsten tends to be

larger and show 0.25, 0.3, and 0.4 um averaged diameter respectively.

Fig. 2.2: SEM images of (a) MoS;, (b) M0g.oWy.1S2, (¢) M09sWj.2S; and (d) Mog.7Wy3S2;
(e) The TEM image of Moy sW..S; composite; (f) HRTEM image of individual Moy sW»S;

nano petals.
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Fig. 2.2 (e) represents the image of TEM for the Moy gWo 2S.compound. The encompassing areas
of this composite are encased by semi-transparent substances attributed to nano petals. Fig. 2.2
(f) shows the HRTEM image of individual nano petals of Moy sW,2S, composite, which can be

utilized to further examine its nanostructures.

The layered growing nature of the composite has been seen in the overall HRTEM images, and
the structure of the fabricated nano-petals is oriented to stack with roughly 0.75 nm spacing in a
very dense manner. The crystallographic properties of the nanocomposite are vividly suggested
by this sharp-edged HRTEM image, which also conclusively indicates the typical hexagonal
structure. Conclusively, the thorough SEM and TEM studies of pure MoS, and MoWS;
composites shown above, strongly demonstrate the development of the appropriate 3D
hierarchical nano-petal structure. The hydrothermal environment has a significant impact on the
MoS,/MoWS; nano-petal structure formation process. During the primary hydrothermal reaction
stage, the amorphous MoS,/WS, would initially be developed below 200°C. These initial
amorphous nanoparticles can roll up freely to construct a sphere with dense surface curls during
the subsequent dilution method from Na,Mo0Q,-2H,0/Na,WO,-2H,0 to MoS,/WS; in order to
remove dangling bonds and decrease the whole energy. Afterward, these initial structures
spontaneously assemble into spheres as a result of the layered 2D behavior of MoS2/WS;. As the
lattice constants of WS, and MoS; are precisely matched, the hydrothermal environment would
cause the composite structures to also develop into curls, which would ultimately support the

confined development of such a hierarchical structure without major modification.

From Fig. 2.3, the EDAX (Energy dispersive X-ray Analysis) spectrum of Mo W,S; (X = 0,
0.1, 0.2, 0.3) are displayed and information on their constituent (at.% and wt.%) are provided in
Table 2.2.

EDAX spectra for the layers were prepared, which represent the coexistence of Mo and S
elements in MoS; and Mo, W, and S elements in MoWS, without any additional contaminates

from the precursor.
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Table 2.2: Composition data from EDAX analysis
Weight% Atomic%
Composite
Mo W S Mo W S
MoS; 59.23 - 40.77 32.70 - 67.30
Moy.9Wo.1S2 58.94 7.50 33.56 36.10 2.39 61.51
Moy sWy.2S2 53.18 13.86 32.96 33.44 4.55 62.01
Moy.7Wy3S2 48.92 16.63 34.45 30.44 541 64.15
Mo \ — Moy 7W.35;
S
A \%
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Mo Moy gWy S,
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Fig. 2.3: EDAX spectrum of Mo;W,S,; (x =0, 0.1, 0.2, 0.3) nano-crystals.
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2.3.2. Optical analysis

UV-Vis spectroscopy is used to analyze the sample's chemical composition. To quantify the
optical band gap corresponding to the excitation of electrons towards the conduction band from
the valance band, the spectra of optical absorbance of the synthesized composites in the 300-
1100 nm wavelength range are captured. The absorption spectra (inset) of Mo WS, (x =0, 0.1,
0.2, 0.3) nanocomposites for different W concentrations are represented in Fig. 2.4. |
experienced that the excitonic peaks obtained of MoS; moved to the blue region with variation in
Mo/W molar ratios. This small blue shift can be attributed to the escalating electron density of
the synthesized particle as a result of the new bonds formed by introducing the W atoms into the

Mo-S atomic matrix [25].

The optical band gaps of Mo;.xWxS, (x =0, 0.1, 0.2, 0.3) nanocomposite were estimated with the
help of Tauc’s equation [26]:

ahy = A(hy — E;)'/? (2.4)

Where a defines the absorption coefficient, hy represents photon energy, Ey denotes the band
gap energy, A is a constant, and for permitted direct transition, the value of n is 1/2. Here, Tauc’s
plot is represented in Fig. 2.4. where the linear component of plots of (ahy)? vs.hy is
extrapolated to (ahy)? = 0 to estimate the band gap. The estimated band gap energy for MoS; is
2.53 eV, however, it changes to 2.58 eV, 3.02 eV, and 3.78 eV after 10%, 20%, and 30%
alloying of W respectively. The degrees of lattice misfit, interconnectedness, and hetero-interface
nature between MoS2 and WS, have a significant impact on the optical characteristics of Mo;-
«W, S,
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Fig. 2.4: (ahv)2 versus hv curves of Mo, W,S, (x =0, 0.1, 0.2 and 0.3), UV-vis

absorption spectra (inset) were determined with the help of Tauc’s equation.

Raman spectroscopy has been conducted to learn more about the atomic composition as well as

atomic vibration of the as-prepared nanomaterials. Fig. 2.5 displays the Raman spectra of pristine

MoS; and Mo ,W,S, (x=0.1, 0.2, 0.3) alloy composites with the laser excitation of 532 nm

(1800 grating, ImW power). The two prominent peaks of the characteristics band achieved at

383.8 cm 'and 407.6 cm ' for MoS,correspond to the E'»; and Ayy modes and construct the

hexagonal-shaped MoS; crystal [27].
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Fig. 2.5: Raman spectra of various vibrational modes for pure MoS; and MoWS,
composites.

The vibration direction of the A;g mode aligned with the c-axis correlates to the in-layer (out-of-
plane) displacements of Mo and S atoms and the vibration orientation of E',; mode lies inside
the basal plane [28]. The blue shifts of the Elgg and Ajq peaks appear for the MoWS, composite
after continuous W-doping, attributing to the Vander Waals force in MoWS, which causes a
greater atomic vibrational force constant. The Raman spectral of Mo, WS, (x=0.1, 0.2, 0.3)
portray two strong prominent peaks at (~ 386.4 cm™, ~ 409.7 cm™), (~ 387.8 cm™, ~ 411.4 cm™)

and (~ 390.2 cm™, ~ 412.1 cm™) respectively. With increasing W content two more peaks with
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increasing intensities occur in the characteristics band at ~ 357 cm™ (Elzg) and ~ 418 cm™ (A1g)
corresponding to WS, [29].

2.3.3. Thermal stability analysis of MoS, and MoWS, nano-composites and

BET characterization

The purpose of this thermal weight loss measurement is to analyze the stability of the composites
with temperature. Fig. 2.6 depicts TGA curves of MoS; [30] and Mo1xW,S, composites (x=0.1,
0.2, 0.3) in the range of temperatures from 30°C to 800°C in the N, atmosphere. MoS, shows a
weight loss of about 6% in the range of RT to 100°C, while the curve for MoWS;, composites
shows <5% weight loss in this temperature range due to loss of absorbed water [31].

100 MoS,
Mog,gWy.152

_90- Moy gWp.252
32 Moy,7W0.35;
= 804
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g 70+
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Fig. 2.6: Thermo gravimetric analysis (TGA) curves at 5°C min "' for the thermal

decomposition in the N, atmosphere of MoS, and MoWS; composites.

From the analysis, it is concluded that MoS, has a sharp weight loss after 200°C and MoWS;
composites show sharp weight loss after 300°C indicating that the addition of W to the MoS,
composite can increase the samples' thermal stability. This weight loss is due to adsorbed

moisture in MoS;, and MoWS; powder and is caused by the oxidation of MoS, to MoOj3 [31, 32].
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The remaining weights of 57.6%, 58.9%, 67.3%, and 65.4% at 800°C were found for the MoS;

and MoWS, nanocomposites with the molar concentration of 10%,

20%, and 30% respectively.

The electrical conductivity of a nanomaterial is linked to its pore size and porosity [33]. For the

MoS; and MoWS; composites, the Brunauer-Emmett-Teller (BET) technique is utilized to
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determine pore size by adsorption analysis with N, at 77K. The N, adsorption and desorption

isotherms’ hysteresis loops of MoS, composites with 0%, 10%, 20%, and 30% W alloying are

shown in Fig. 2.7 (a, b, ¢, and d) using a relative pressure range of 0.02-1 respectively. The plots

show an isotherm of type Il with a hysteresis loop of type H3, implying solely surface
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adsorption. Often, a type H3 hysteresis loop is interrelated with distributed parallel plate-shaped
pores with varying widths and thicknesses. This type of pore is produced by the loose bounding
of flaky particles [34]. In the inset of all figures in Fig. 2.7, 1/[V{(Po/P)-1}] vs. P/P, graphs are
provided, which are in the relative pressure interval of 0.05 < P/Py< 0.35, obtained using the

BET equation, where the adsorption isotherm rose progressively.

The surface area derived from the linear fitting of this graph is 16.60 m%g (for MoS,), 31.96
m?/g (for M0gsWo1S,), 63.15 m?/g (for M0gsWo.S,), and 20.38 m?/g (for Mog7Wo:3S,), With
pore sizes of 4.98 um, 12.49 pm, 5.43 um, and 5.45um respectively.

At increasing W doping the surface area initially rises and then reaches a maximum level with
20% alloying, after which the surface area decreases with increasing W doping. Thus, the surface
area of the Moo gWo2S, composite rises to a good extent, resulting in greater interfacial contact.
Pours are also larger in MoWS, composites than pure MoS; because of defects produced due to
alloying structure, but it is highly reduced for Moy gW, S, composite, which shows its greater

effectiveness.

2.3.4. Electrical study of Al/Compound/ITO Schottky diode

The achieved J-V characteristics (J=I/A, here A denotes the active diode area regarded as
7.065x10°° m?) of the fabricated thin film MS junction devices based on MoS;, MoggWo1Ss,
Moo sWo.2S, and Moy, W3S, composites in the applied bias voltage range -1 V to +1 V
maintained at room temperature are illustrated in Fig. 2.8 (a) with the log J vs. V graph (inset).
The Schottky behavior of MS junction devices is revealed by the nonlinear rectifying nature of
the graph. It is noticed that the MoWS, composites-based diodes showed enhanced Schottky
behavior with higher forward currents and better-rectifying properties compared to the MoS,-
based diode. The rectification ratio has been found to be 12.57 for MoS, which got enhanced to
16.95, 51.52, 31.92 for Mo W,S, (x=0.1, 0.2, 0.3) respectively. The best performance was
provided by the Moo sW,2S,-based Schottky Barrier Diode. The conductivity has been evaluated
as 5.24x10™ S/m for MoS, at room temperature, which tremendously improved to 1.18x10™
S/m, 8.35x10™ and 2.18x10™ S/m with the inclusion of Tungsten within MoS, by 10%, 20% and
30% alloying respectively.
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| utilized the thermionic emission theory [35] to determine diode parameters by examining the J

vs. V graph, and it can be represented as,

I =Jo [exp (335) — 1] (25)

Here J stands for the forward bias current density, Jo indicates reverse saturation current density,
V denotes the applied bias voltage, g represents the electronic charge, K indicates the Boltzmann
constant, T is the absolute temperature, and 7 is the ideality factor.

Jo=A*"T?exp (— %) (2.6)
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Fig. 2.8: Characteristic curve of current density-voltage (J-V) (a) under dark: (b) under

illumination

Where A* and @ stands for Richardson constant (with value considered as 1.2x10° AK?m™),

and Schottky barrier height respectively.

To examine the different Schottky parameters, such as barrier height, series resistance, ideality
factor, etc., and to compare the nature of MoS, and MoWS,-based materials, the provided set of

Cheung's equations has been used [36]. Typically, a series combination of resistance and diode is
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used in the construction of a basic model of the device. As a result, the voltage drop across a
series combination of a resistor and a diode can take the place of the voltage drop across the
diode., and this is known as V-IRs (Rs=series resistance). Thus, for Vp> 3kT/q, the revised Eq.

(2.5) can be represented as [36]
I =Jo [exp (S5 (2.7)

Substituting the value of saturation current density into equation (2.7), and with differentiation of
V w.r.t. InJ, Eq. (2.7) can be stated as,

W AJRg+ 2T

dIn] Tq (2.8)

For the fabricated diodes, dV/dInJ vs. the current density (J) has been plotted and shown in Fig.
2.9(a) which represents a straight line. The value of nkT/q is given by the intercept of that
straight line to the y-axis, and RsA is calculated using the slope. The ideality factor value is
highly crucial since it will illustrate the formation of an ideal metal-semiconductor junction. The
computed value of n for each diode is reported in Table 2.3, where it is observed that the
generated MS junctions were not perfectly ideal. The divergence from optimal behavior could be
caused by the existence of interface states, series resistance at the junction, and inhomogeneities
of Schottky barrier height that were created at the time of Aluminium deposition on the thin film
of synthesized composites [37]. However, the Moy sWy S, compound diode has a lesser value

of n than other diodes, indicating that it forms Schottky contacts more effectively.

A different set of equations for obtaining the barrier height (@g) is utilized which is given below
[36].

H() =V - %m (ﬁ) = AJRs + n®g (2.9)

Barrier height and series resistance have been derived by the linear fitting of the H(J) vs. J graph
using the intercept and slope of this model respectively as displayed in Fig. 2.9(b) and values are
listed in Table 2.3.

In another way using Norde's equation [37], | derived the barrier height (®g), and series
resistance (Rs). Norde presents the voltage-dependent parameter F(V) [38], which is,
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Where B=q/KT and 'a' is chosen as an arbitrary constant value that must be higher than the
ideality factor (n). Fig. 2.9(c) shows a plot of F(V) against the applied forward bias voltage.
From the following equation, ®g and Rs (displayed in Table 2.3) can be derived using the F(V)
vs. V plot,

Vmin 1
(DB = F(Vmin) + T__

: (2.11)

and, Rg = BZ]_". (2.12)




66 | Chapter 2

F(Vmin) indicates the F(V) value at the minimal voltage based on the graph in Fig. 2.9(c). The

Vmin and Jmin are the voltage and current density correspond to F(Vmin) respectively.

Al/Moy gWy 2S, compound junction has a lower barrier height than the other material. Due to
higher on-currents and improved sub-threshold behavior provided by lower barrier height, it has
very important for the Schottky diode implementation. For all of the diodes, the resistance values
generated from the H(J) vs. J graph and the estimated series resistance (Rs) value from the
dV/dInJ against the J graph correspond well. It is very much interesting that the MoggWo2S;
compound-based device has a lower Rs than the other device. As it can be seen in Fig. 2.8, the
decreased series resistance of the Al/MogsWy2S2/ITO diode indicates an increase in current
density. MoggWo.S,-based SBD exhibited a rectification ratio of 51.52, which is an
improvement of 309% compared to the 12.57 of pristine MoS,-based diode. Most amazingly, the
conductivity has been enormously increased by 1493%. The increased charge transfer
capabilities across the Schottky junction are indicated by the improved diode parameters for the

Moo sWo.2S, compound-based diode.

Table 2.3: Schottky Diode Parameters

Ohmi . . Potential Barrier
c Series Resistance (Rs) Height (¢n)
Samole Rectification Cond Ideality From From From From From
P Ratio uctivi  factor dV/dinJVs HVsJ F(V)Vs HvsJ F(V)Vs
ty (o) J curve curve Vcurve curve V curve
(S/m) (KQ) (KQ) (KQ) (eV) (eV)
MoS, 12.57 0.52x1 3.83 0.985 1.001 0.614 0.647 0.646
0‘4
Moy.oWy.1S, 16.95 1.18x1 3.22 0.379 0.382 0.492 0.644 0.642
0‘4
Mo,sWo.S, 51.52 8.35x1 2.17 0.068 0.067 0.066 0.623 0.627
0‘4
Moy 6Wo.4S; 31.92 2.18x1 3.11 0.207 0.215 0.171 0.628 0.640
0-4

In order to get a deeper understanding of the charge transit processes, the J vs. V curves for each

device are plotted in logarithmic scale under the forward bias as shown in Fig. 2.10 (a). The plot
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displays three distinct regions for the devices with various slopes, where Region-I represents the
slope near to unity (m~1) and here conduction is controlled by the Ohmic behavior at low bias.
The thermionic emission in that region results in a current density that is directly proportional to
voltage because the thermally produced free carriers are greater than the injected charges during
this conduction. Therefore, tunneling is the primary contributing element, according to the J-V
curve [39]. Under the SCLC hypothesis, a Schottky diode's current is said to follow the power
law relationship with the applied voltage, such as I~V™. Based on this procedure, a shallow trap
dominates the SCLC mechanism in Region Il since the slope (m) is close to 2. The SCLC in
Region 111 is controlled by exponentially distributed traps [39]. Typically, semiconductor often
contains several localized defect states in their forbidden energy gap, trapping the injected
charges from the electrode [39]. The quantity of injected charges grows as the applied bias
voltage rises. The single or shallow traps are initially filled. Afterward, because of the
exponential trap distribution for additional bias voltage, the current density is rapidly enhanced.
The Fermi level grows up above the trapping level of an electron during this phase and comes
closer to the conduction band edge [39]. As a result, a trap-free space charge region is generated

and consequently, each of the localized traps is covered.
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Fig. 2.10: (a) a logarithmic plot of current density versus voltage; (b) to determine the

effective mobility Current density versus Voltage’ plot
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From Region II, the effective carrier mobility (pegy, transit time, conductivity, and density of

states close to the Fermi level have been determined following the SCLC model. The Mott-
Gurney equation [40] estimates the current resulting from this conduction process,

J = Lot (Z—j) (2.13)

Thus peg Of the charge carrier has been obtained from the mid-voltage region of the J vs. V2
curve, where, d denotes the film thickness (~1 pum), €. represents the synthesized film’s

dielectric constant and g, indicates the free space permittivity. The value of the dielectric
constant has been calculated using the capacitance vs. frequency graph (Fig. 2.11).
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Moy.7W.3S,.
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Using the capacitance value at the saturation level, the following expression has been used to
derive €, [40]

g =L d (2.14)

r €0 A

Here, Cs: implies the capacitance value at saturation; d denotes the film thickness, and A

represents the active area.

It is observed using the capacitance vs. frequency plot that, the capacitance at saturation level for
MoS; and MoWS; (x=0.1, 0.2, 0.3) alloy composites are 5.21x10™° F, 1.46x10™"° F, 3.99x10™
F, and 6.20x10™° F respectively. Depending on this capacitance value, the dielectric constant
(g.) has been calculated as 8.33, 2.34, 0.64, and 9.92 respectively.

From Region Il, the transit time has been evaluated depending on the current density vs. voltage

curve slope which is in the following equation, [40]

=) e

The excellent mobility along with the short transit time for MogsW S, composite indicates
improved charge transit via the Schottky junction. The good crystalline structure of MoggWo2S>
compound with a larger particle size results in a reduced grain boundary effect improving the
charge transfer phenomena. As previously explained, the applied potential causes the Fermi level
to move toward the conduction band edge. This approximation gives a good concept of the
defect state distribution density in the area of the band gap [40, 41]. The den Boer technique [42]
is used to calculate the density of states (Ng) around the Fermi level using the SCLC J-V

properties, which is written as,

_ 2€0€r(V2—V1)

Nr = a2 AE, (2.16)
In this case, AEr depicts the change in the quasi-Fermi level as, [34]
A Ep = KTIn22 2.17)

]1V2
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Here, two distinct forward bias voltages gained are V; and V; from the SCLC Region-1l of each
of the diodes, where J; and J, denote the current densities that correspond to them. Thus, the
lowest density of states for the Al/MoysW,2S,/ITO diode indicates the presence of the fewest
traps in the forbidden gaps. | also calculated the SCLC region conductivity for each diode which

is significantly improved for the Al/MogsWy2S2/ITO device.

All the parameters related to the SCLC conduction mechanism are tabulated in Table 2.4. The
entire diode specifications of the MoggWy2S,-based diodes reveal significantly improved
dynamic charge transfer. Therefore, this MoWS, composite with 20% alloying of tungsten has a
very promising potential in the thin film MS junction device as well as the Schottky diode

switching application.

Current (1) - voltage (V) is measured at room temperature at illuming condition with the same
bias voltage range (-1 V to +1 V) in order to analyze its application as photodiode. The obtained
J-V plots of compounds at illuming conditions is represented in Fig. 2.8 (b). Compounds display
an improved rectifying property in illumination which also implies a higher conductivity. All the
photo response study has been carried out under AM 1.5 radiation. | have calculated the on-off
ratio of the Schottky diode based on our synthesized material as 2.96, 3.72, 4.32, and 3.91 for
MoS;, M0y Wy .1S2, M0y gWo.2S; and Mog 7 W 3S, respectively.

Table 2.4: Charge Transport Parameter of devices

Sample SCLC Mobility Transit MefrXT Density of  Charge
conductivity(c) (err) Time States Carrier’s
S/m (m*V'sh () Nr Lifetime
(sec) (m™) (s)
MoS; 3.59x10™ 3.75x10°  24.18x10° 9.071§<10' 12.88x10°"  22.44x10~

Moy.oWo.1S2 5.26x10™ 20.10x10° 44.67x10” 8.981;<10' 3.66x10°%  40.35x107

MoosWo.S,  42.66x10™ 56.47x10°  1.59x107° 8.981;<10' 0.87x10*  72.56x107°

Moy.7Wy3S2 12.87x10™ 11.03x10° 82.12x10° 9.0%10' 0.68x10°*  54.11x107
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Current (1) - voltage (V) is measured at room temperature at illuming condition with the same
bias voltage range (-1 V to +1 V) in order to analyze its application as photodiode. The obtained
J-V plots of compounds at illuming conditions is represented in Fig. 2.8 (b). Compounds display
an improved rectifying property in illumination which also implies a higher conductivity. All the
photo response study has been carried out under AM 1.5 radiation. | have calculated the on-off
ratio of the Schottky diode based on our synthesized material as 2.96, 3.72, 4.32, and 3.91 for
MoS;, M0y Wy 1S2, M0osWo2S; and Mog W, 3S; respectively. Different photodiode parameters
like photosensitivity, photoconductivity sensitivity (S), Responsivity (R) and specific detectivity

(D) have also been calculated and tabulated in Table 2.5 using the following set of equations.

Photosensitivity= ”“’/’“ﬂ X 100%
Dark

(2.18)

Photoconductivity sensitivity,§ = 2222 /bark o 4 (2 19)

PXVimax

]Lig ht —J Dark

Responsivity, R = > (2.20)
Specific detectivity, D* = # (2.21)
Dark

Here, Jpark and Jiign: are the values of current density (J) at particular bias Vmax 1.6. 1 Volt under
dark and illumination condition respectively. Total power of the incident light is symbolized as
P, which is taken as 100 mW per unit area. Film thickness is defined as ‘d’, ‘q’ is the charge of

electron, and ‘A’ is active diode area of the fabricated device.

Table 2.5: Photodiode Parameters

Compound On/Off Photosensitivity Photoconductivity Responsivity Specific

Ratio (%) Sensitivity (S) (R) Detectivity
Am'w! A m?wW?! (D*)

(Jones)
MoS, 2.96 196.10 12.29x107° 12.29x10°  32.65x10"
MogoWo1S, 3.72 272.21 28.63x10° 28.63x10°  58.72x10%
MoosWo.S,  4.32 332.01 15.42x107° 15.42x10*  15.05x10™
Moy Wo3S; 3.91 291.01 71.75x10 71.75x10°  96.10x10%
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2.3.5. Impedance Spectroscopy analysis

Impedance spectroscopy (IS) study aside from the J-V characteristics can also provide
information about the devices' charge transport features, especially at the interfaces. The IS study
of Al/Mo1,W,S; (x = 0, 0.1, 0.2, 0.3)/ITO Schottky diode was carried out using a 50 mV
oscillating voltage and a frequency regime of 40 Hz to 5 MHz at zero bias voltage results in
Nyquist plots with deformed semicircles displayed in Fig. 2.12 (a). The implicit variable
frequency rises from the right end to the left end of the x-axis. It is noticed that the resulting
impedance spectra are almost semi-semicircular and the total device impedance is indicated by
the diameter of the semicircles. The Nyquist plots show that the semicircle diameter of the
Moo sWo2S2-based device is much lower than the semicircle diameter of other composites. In
Moo sWo.2S,, the smaller semicircle indicates less charge recombination and lower charge
transfer resistance. Hence, faster charge transfer was achieved in the MoggWo S, thin film. An
equivalent circuit parallel resistance and capacitance (R||C) network can be built for each
semicircle in the Nyquist plot. As a result, a representation of an ac equivalent circuit was
devised to explore the effect of impedance on the Mo1.xW,S; fabricated device. The semicircles
are not accurate, implying that the diode has another R||C network. The major source of this
inaccurate semicircle is the contact regions of every interface, which provide an additional
capacitive component to the device. There are two interfaces which are Al/Mo1,W,S, and Mo;.
W, S,/ITO (x =0, 0.1, 0.2, 0.3) in our Schottky diode. Therefore the corresponding circuit (Fig.
2.13) contains two R||C networks linked serially, as well as Rs and a parasitic inductance (L)
connected in series. The Al-Mo;xWxS, and M01xW,S,-ITO (x =0, 0.1, 0.2, 0.3) interfaces are

associated to R;C; and R,C,, respectively.

The ac impedance is often described by

Zw) =7Z'(w) —jZ""(w) (2.22)

Here, w denotes the frequency, Z" and Z"" indicate the real impedance and imaginary impedance
respectively. In order to analyze the identical circuit design mathematically as depicted in Fig.
2.13,7Z"and Z" can be defined as
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’ _ Rq Ry
Z (W) - 1+(WR1C1)2 1+(WR2C2)2 + RS (2.23)
2 2
Z'(w) = —f g wRaTCr g (2.24)

T 1+(WR1C1)2 | 14+(WR3C3)2

The simulated data is generated from equations. (23) and (24) are well matched with the
experimental data, as shown in Fig. 2.12 (a). The values of Rs, Ry, Rz, C4, C,, and L, for Al/Mo;.

W, S,/ITO structure fitted with an equivalent circuit model are shown in Table 2.6.

Whereas the Nyquist plot provides information about charge transport resistance, the Bode phase
diagram can help us understand the charge carrier's lifetime. The related Bode phase diagram
presented in Fig. 2.12 (b), reveals that the characteristic frequency peak for Moo gW, ,S,-based
SBD takes place at a lesser magnitude than its counterpart. The charge carrier’s lifetime (t.) can

be calculated from this frequency peak (fyeax) using the following equation,

_ 1
2"T]cpeak

TL (2.25)

The value of charge carrier lifetime for Mo;.xWS,compounds (for x=0, 0.1, 0.2, 0.3) were
obtained as 0.22 ms, 0.40 ms, 0.73 ms and 0.54 ms respectively. As a result, the charge carrier
lifetime of Moy gW, S, was longer, which is another reason for its improved performance. Here,
I wish to highlight once more that for effective charge carrier transfer to opposing electrodes, the
charge carrier lifetime of the materials should be greater than their respective transit times. The
lifetime of the carrier of other composites was slightly more than their carrier transit time;
although in the case of MoggWy2S;, the carrier lifetime was much greater than the carrier transit
time, therefore ensuring its enhanced device efficiency. It can also be observed that the
synthesized MoWS, materials have high mobility. Therefore, based on the obtained results for
MoWS,-based Schottky diodes, it is obvious that the MoWS, nanocomposites have a high
potential for M-S junction thin film device applications. Finally, the quicker charge transport

properties of Moy sWj »S, contributed to its overall superior performance.
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Table 2.6: Fitted values of Ry, R;, R;, C;, C; and L; for Al/Mo;WS,/ITO structure using
equivalent circuit model

Sample Rs (Q) | R (Q) | R, () C: C, L
Al/Mo0S,/ITO 10.01 |838.46 | 1106 | 1.49x10% [ 1.89x10™ | 1.88x10™’
AlUMogoWoS,/ITO | 9.62 |295.69 | 457.17 | 2.87x10™ | 1.22x10™ | 3.57x10°%
Al/MogsW,S,/ITO | 11.15 | 65.76 | 115.73 | 2.51x10™° | 3.49x10™ | 8.24x10°%®
Al/Mog7W3S,/ITO | 10.65 | 113.45 | 248.76 | 4.36x10™ | 4.46x10™ | 9.57x10°%
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Fig. 2.12: (a) Nyquist Plot and (b) Bode phase plot for the Al/MoS,/ITO,
Al/Mo0g oW 1S2/ITO, Al/M0gsW)2S2/ITO, and Al/Moy7W.3S2/ITO Schottky barrier diodes.
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Fig. 2.13: The RC equivalent circuit model of the Schottky diode.
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2.4. Conclusions

The hydrothermal method was employed to synthesize Mo;.x\WxS, nano-composites with the
different molar concentrations of tungsten (i.e. x=0, 0.1, 0.2, 0.3). The successful synthesis of the
desired products was confirmed by detailed characterization. Thin-film Schottky devices were
fabricated with the synthesized materials and comparative studies were carried out to evaluate
their relative performance. It was found that after incorporating tungsten in MoS, TMD, the Mo;.
xW,S, alloy nano-composite structure produced considerably better device performance
compared to pristine MoS,. Moreover, the specific MoggWy2S; nano composite-based device
performed better than the other counterparts. The SCLC mechanism explained the improvement
in carrier transmission characteristics like mobility and transit time of charges via the metal-
semiconductor junction derived from J-V data. The well-separated architecture with massive
nano-petals of Moy gWy2S, nano-composite was confirmed to contribute to improved charge
separation and transportation. The charge transport performance was investigated by impedance
spectroscopy analysis. Device interfacing resistance and electron lifetime were revealed by the
IS network analysis, reflecting that the Al/MoygWy,S,/ITO device has improved charge
transport capabilities. The study demonstrates the different molar ratio-dependent performance
of MoWS, composites in a metal-semiconductor junction Schottky barrier diode and shows that
the synthesized Moy WS, nano-composite has the best application potential for thin film
switching devices. As a result of this research, the Mo;.xW,S;,-based Schottky device will be
improved further, serving as an excellent starting point for building diodes, sensors, and solar
cells.
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Investigating charge transportation and photo-
responsive outcome of a Schottky diode fabricated by
2-amino terephthalic acid directed supramolecular
Mn(II)-metallogel
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Abstract

This study investigates a supramolecular metallogel formed using an ultrasonication technique
and employing manganese acetate tetrahydrate as a metal salt, 2-amino terephthalic acid (ATA)
as an organic gelator, and N,N’-dimethyl formamide and dimethyl sulfoxide as mixed solvents.
The mechanical toughness and viscoelastic parameters of the metallogel material were well
demonstrated by rheology-based experimental values of storage and loss moduli with rotational
frequency, shear strain, and shear stress of the Mn(ll)-metallogel (Mn-ATA). The
microstructural analysis along with chemical composition were shown using field emission
scanning electron microscopy and energy dispersive X-ray analysis-based elemental research.
Analysis of the infrared spectrum aided in determining how Mn-ATA was formed. Electrospray
ionization mass investigation of Mn-ATA demonstrated the existence of several metallogel
components and their engagement in producing the metallogel structure. Different diode
parameters (i.e. photosensitivity, photoconductivity sensitivity, responsivity, specific detectivity,
ideality factor, barrier height, and series resistance were measured, revealing the semiconducting
property of the metallogel. The current—voltage characteristics of a Mn-ATA-based thin-film
type metal-semiconductor junction device demonstrated non-linear rectifying behavior,
indicating Schottky diode behavior with dominating electronic-charge transport features. The
device displayed an improved rectifying property under illumination, which also implied higher
conductivity. The device’s measured conductivity in the low-voltage domain (equivalent to
ohmic behavior) was 1.03 x 107 and 4.12 x 10 Sm ' under darkness and illumination,

respectively, implying photo-responsive behavior.
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3.1. Introduction

olecular self-assembly [1], a fundamental theme of supramolecular chemistry, is

increasingly important in the material and technological fields. Supramolecular

gels [2] are the fascinating result of a molecular self-assembly process. Gelator and
solvent molecules are the two main constituents for fabrication of a supramolecular gel system
[3]. Several polar and non-polar solvents [4-6] including water, N,N’-dimethyl formamide
(DMF), dimethyl sulfoxide (DMSO), tetrahydrofuran, toluene, dichloromethane, acetone,
ethanol, methanol, acetonitrile and carbon tetrachloride are immobilized within the chemical
components based on the gelator types during gel formation. In addition to the use of different
polymeric gelators [7], n-gelators [8], and oligomeric gelators [9], low molecular-weight gelators
(LMWGs) are a specific form of gelators that are widely recognized for obtaining
supramolecular-type soft gel systems [3]. The LMWGs use distinct types of non-covalent
interactions to generate a stable gel, and the LMWG-directed quasi-solid viscoelastic gel is
usually referred to as supramolecular material [10]. Due to the wide range of applications in
diverse areas, academic to industrial, research in the field of gelation technology is quickly
expanding. Supramolecular gels have numerous potential applications from material science to
biological fields including catalytic activity [11], electrochemical device fabrication [12],
lithographic application [13], chemical sensing [14], optical and electronic devices [15], drug
transporting behavior [16], cellular supportive nature [17] and tissue culture [18].
Besides supramolecular organogels and hydrogels, metallo-organogel and metallo-hydrogel
systems have rapidly advanced during recent decades [19-25]. Metal ions are the key trigger for
formation of metallogel, and they impart a variety of functionalities such as redox activity,
conductivity, optical activity, and magnetic features. Metallogel systems can be useful for
catalytic applications, actuators, cosmetics, foods, environmental remediation, nano-electronics,
and nano-science [19-35].
Surprisingly, various non-covalent type interactions are major factors in the formation of stable
supramolecular metallogel architecture, including electrostatic, aryl-system directed, hydrogen-
bonding, van der Waals forces, hydrophilic, and hydrophobic interactions [36-38].
Because of their relatively low price and availability of the involved metal ions required,
functional supramolecular soft gels are economic for practical applications. Specifically, the role

of Mn(ll) in many diverse effective applications has been widely discussed, including in metal—
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organic frameworks, coordination complex formation, quantum dot formation, catalysis,
coordination polymer synthesis, organometallic chemistry, and semiconducting devices [34,39—
42]. The key advantages of using Mn(l1) are economic viability, well-known semiconducting and
physicochemical properties, high power density, high specific energy, promising electrode
material applicable in energy or power storage devices, and reversible electrochemical redox
activity. For formation of supramolecular metal-organic networks, 2-amino terephthalic acid
(ATA) can bind with metal ions [43-50]. Recently, Lovittet al. explored the Mn(ll)-metallogel
with N-picolyl-1,8-naphthalimides acting as the LMWG [51]. The significance of ATA is mainly
explored through the formation of crystal-based non-flexible metal-organic frameworks.
Additionally, Mn(Il) complexes are well-recognized using several metal-ligand coordinating
systems. However, the design, synthesis, and usefulness of the flexible-type network constructed
using ATA and Mn(ll)-salt for a soft-scaffold-based semiconducting micro-electronic material
are not known. The flexibility of such semiconducting devices is an added benefit for
technological advancement because diodes can be fabricated in a desired shape and positioned in
any place in a device. Inspired by previous literature [52-55], | investigated metallogel
generation using ATA and a Mn(Il)-source in a mixed solvent of DMF and DMSO (1:1 v/v) to
achieve Mn-ATA. | tested device applicability of the Mn-ATA metallogel. The use of these
materials in practical semiconducting equipment is always a technological challenge. | was able
to effectively deploy these gel-materials in metal-semiconductor junction-based thin-film
devices to examine their electronic device applications and charge transport capabilities. My
constructed devices had non-linear rectifying current (1)-voltage (V) characteristics, expressed in
terms of a Schottky junction diode feature with a high on/off ratio. | investigated device
performance of our Mn-ATA metallogel-based Schottky diode. The photosensitivity of the Mn-
ATA-directed device was also explored. The experimental evidence clearly established better 1—-

V characteristics in presence of a light source.

3.2. Experimental section

3.2.1. Materials
Manganese acetate tetrahydrate [Mn(OAc),'4H,0], ATA, DMSO, and DMF were obtained from
Sigma-Aldrich Chemicals, and used for formation of the gel.
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3.2.2. Characterizations

Literature reports [3-5] were used as the basis of the inversion vial test for checking the stability
of the gel against gravitational force. A Biobase ultrasonic cleaner UC-20STIl with AC
230V/50Hz, and operating an ultrasound frequency 80kHz was employed for metallogel
synthesis. Anton—Paar equipment was used to conduct the rheological analysis. Field emission
scanning electron microscopy (FESEM)—energy dispersive X-ray (EDX) spectroscopy mapping
was used to examine the chemical composition of metallogels (Zeiss GeminiSEM 450 and
associated EDAX). Fourier-transform infrared (FT-IR) spectrum data were obtained using the
KBr pellet technique on a Perkin Elmer FT-IR spectrometer. An Agilent Q-TOF mass
spectrometer was used to obtain electrospray ionization (ESI) mass patterns. Electrical
conductivity was calculated by means of a computer-interfaced Keithley Source Meter 2635B to
measure the -V properties of the Mn-ATA-based thin-film device (Model no: 2635B). The
capacitance—frequency measurement was done with a computer-controlled impedance analyzer
(Agilent 4294A).

3.2.3. Synthesis of Mn-ATA

Ho Solvent
Mn(CH,;COO), ' 4H,0 + >
3 2 2 OH ..
HoN Sonication
1 hr.
[
12mM 1.2 mM
in 1ml solvent in 1ml solvent
Mn-ATA Metallogel

Solvent = N.N-dimethyl formamide and Dimethyl sulfoxide (1:1 by v/v)

Fig. 3.1: Synthetic approach for ATA-established Mn-ATA metallogel in N,N'-dimethyl
formamide and dimethyl sulfoxidesolvent system. Ultrasonication was used for gelation.

Manganese acetate tetrahydrate (294.11 mg, 1.2 mmol) was taken as a source of Mn(Il), and
ATA (217.38 mg, 1.2 mmol) as the gel-establishing organic component — each taken in 1 ml of
mixed solvents of DMSO and DMF (1:1 by v/v) at ambient conditions. These two solutions,
which included a pale pink Mn(ll)-salt solution and a yellow-colored ATA solution, were

quickly mixed in a glass vial. This produced a semi-solid off-white-colored substance and this
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was then ultra-sonicated in a sophisticated ultra-sonicating bath for 60 min. The result was off-
white-colored Mn-ATA in the solvent mixture (Fig. 3.1 shows construction of ATA-directed
Mn-ATA metallogel in DMF-DMSO solvent system). Under exposed aerial conditions, the Mn-
ATA retains its stability for a few months at normal ambient temperature with humidity range
50-55%. An inversion vial experiment was performed to determine stability, initially to confirm
the gel-state of the soft-scaffold. The gel melting temperature (Tg) was measured through digital

melting point apparatus, with Tge = 238 +2 °C.

3.2.4. Minimum critical gelation concentration (MGC) of the synthesized Mn-

ATA metallogel

The MGC of Mn-ATA was carefully determined by varying the concentration of both Mn(ll)-
salt and ATA. For gelation, the chemical components [i.e. Mn(CH3COQ),-4H,0 and ATA] were
both dissolved individually in solvent mixture of DMF and DMSO (1:1 by v/v) at a 1:1 molar
ratio. The most stable gel was obtained with concentrations of Mn(ll)-salt and ATA of 294.11
and 217.38 mgml?, respectively (Fig. 3.2 and Table 3.1).

Fig. 3.2: Determination of Minimum Critical Gelation Concentration of the Mn-ATA
metallogel with step-wise photography of Mn-ATA metallogel forming chemical
constituents having varied concentrations.
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Table 3.1: Determination of Minimum Ceritical Gelation Concentration of the Mn-ATA

Serial Metal Concentration 1 ml Gelator concentration Phase
No. mixed solvent of N,N-dimethyl 1 ml mixed solvent of N,N-
formamide and Dimethyl dimethyl formamide and
sulfoxide (1:1 by v/v) Dimethyl sulfoxide (1:1 by v/v)
(a) 49.0 mg/mi 36.2 mg/ml Sol
(b) 98.0 mg/ml 72.5 mg/ml Sol
(c) 147.0 mg/ml 108.7 mg/ml Sol
(d) 196.0 mg/ml 144.9 mg/ml Viscous sol
(e) 245.0 mg/ml 181.1 mg/ml Weak gel
) 294.1 mg/ml 217.4mg/ml Gel

3.2.5. Testing gel-forming ability of different solvents in producing stable Mn-
ATA

Fig. 3.3: Role of versatile solvents in forming stable metallogel of Mn-ATA.
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The gel-forming ability of the chemical components of Mn-ATA was examined in different
solvents (non-polar to polar). This clearly showed that the 1:1 (v/v) DMF-DMSO mixture was
the optimum mixed solvent to form stable Mn-ATA gel through ultrasonication for a certain
time. Most specifically individual solvents of DMF or DMSO were independently unable to form

the metallogel under optimum gel-forming conditions (Fig. 3.3).

3.3. Results and discussions:

3.3.1. Morphological and elemental study

The FESEM studies of the xerogel state of Mn-ATA explored the microstructural pattern of
DMF-DMSO (1:1 v/v) based Mn-ATA metallogel systems. The self-assembled network of inter-
linked irregular-type block-shaped architectures was visualized using FESEM (Fig. 3.4 (a)). A

hierarchal arrangement of inter-linked agglomerated stacked-type networks of the xerogel form
of Mn-ATA was shown.

Fig. 3.4: (a) FESEM microstructural arrangements of Mn-ATA metallogel; (b-f)
elemental mapping analyses showing the presence of elements C, N, O, S and Mn of Mn-
ATA; and (g) EDX elemental spectrum of synthesized Mn-ATA.
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The stacked agglomerated assembly originated via ATA, consisting of m-system facilitated
interconnection in the synthesized metallogel framework. Presence of Mn, C, N, O, and S
elements in this framework was identified by elemental mapping technique (Fig. 3.4 (b—f)) and
EDX spectral data showed the role of participating elements (Fig. 3.4 (g)). Presence of element S
showed the importance of DMSO solvent in the metallogel development. The active influence of
Mn(Il) ion accompanied by the ATA in metallogel formation was clarified by the elemental

analysis.

3.3.2. Rheological study

Rheological investigations such as storage modulus (G’) and loss modulus (G"”) with rotational
frequency, as well as shear strain, were used to investigate the mechanical toughness and solvent
encapsulation tendency of supramolecular Mn-ATA metallogel. The viscosity and elastic
characteristics of the gel substance were tested. The viscous and semi-solid nature of Mn-ATA

was demonstrated by the rotational frequency dependence of G’ and G”.

ll".-- -
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Fig. 3.5: Frequency sweep of Mn-ATA from rheological experimentation.

G' = (00/v0) cos(d) and G"= (co/y0) sin(d)

Where 7o, 60, 60/Y0, and 6 are strain amplitude, shear stress amplitude, amplitude ratio, and phase

angle respectively.



88 | Chapter 3

For a given metallogel system concentration (Fig. 3.5), G’ of Mn-ATA was substantially larger
than G”, and the plot characteristics (Fig. 3.5) were true for particular angular frequency values.
Here both G' and G” ran almost parallel, i.e. imitated in the complex viscosity vs. angular

frequency plot (Fig. 3.6) and ascertained the pure gel nature of the synthesized material.

1E10 o
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1ES +

1E7 -

Complex Viscosity n (mPa.s)
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Fig. 3.6: Complex viscosity vs. angular frequency plot of Mn-ATA metallogel.
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Fig. 3.7: Strain sweep of Mn-ATA metallogel from rheological experimentation.
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The visco-elastic type of semi-solid outlook of the mechanically stable Mn-ATA was shown by
rheological parameters based on angular frequency. The gel nature of Mn-ATA was further
revealed by rheological experiments based on G’ and G” vs. changing shear strain (Fig. 3.7). The
Fig. G’ and G" intersected at a particular degree of shear strain (i.e.17.4%) or 2645.4 Pa of shear
stress (Fig. 3.8). The critical strain is the lowest quantity of shear strain demanded for gel-
breaking of the Mn-ATA metallogel network. Hence, the mechanical effectiveness of Mn-ATA
was clearly established.

100000 <
10000 <
1000

100 5

Storage Modulus G
Loss Modulus G" (Pa)

=
(=]
il

1o

“'1(I)0 ' C '”1'0I00
Shear Stress 1 (Pa)

Fig. 3.8 Stress sweep of Mn-ATA metallogel.

3.3.3. FT-IR spectroscopic study

The xerogel obtained from Mn-ATA metallogel was analyzed using FT-IR spectroscopy (Fig.
3.9). The involvement of several metallogel-forming chemical substances, such as Mn-salt,
organic ligands like ATA, and trapped solvents like DMF and DMSO in the formation of Mn-
ATA was investigated using FT-IR. The production of a ATA-directed stable supramolecular
metallogel of Mn(11) was promoted by non-covalent supramolecular factors such as the n-system
and hydrogen-bonding patterns, according to FT-IR data.
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Fig. 3.9: Pictorial illustration of FT-IR spectral data of Mn-ATA xerogel, 2-amino
terephthalic acid, and Mn(OAc), 4H,0.

3.3.4. ESI mass analysis

The ESI mass investigation of Mn-ATA demonstrated the existence of several metallogel-
materializing components and their dynamic engagement in the production of metallogel
structure. The highlighted points in the ESI mass pattern reveal the fundamental repeating
chemo-construct or responsible for building the non-covalent connections of the supramolecular
gel of Mn-ATA - this indicated that the continuously iterating metallogel-developing chemical
units involved ATA and Mn(OAc),4H,0. This study explores the evidential role of the metal-

salt-directed self-assembly feature as the key factor to obtain a stable gel-structure (Fig. 3.10).
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Fig. 3.10: ESI-MS Spectra of Mn-ATA metallogels.

3.3.5. Optical study

For optical band gap measurement, | recorded the absorption spectra (Fig. 3.11 inset) of the
synthesized gel in the wavelength range of 280-450 nm using a UV-visible spectrophotometer.
The optical band gap was determined by analyzing the Tauc’s diagram using the following
equation [56]:

ahv = A(hv — E)" (3.1)

Where, a is absorption coefficient, h is Planck’s constant, v is light frequency, A is an energy
dependent constant (assumed to be 1), Ey is band gap, and n is an electron transition process
dependent constant (for direct transition n=1/2). Extrapolation of the linear part of the (ahv)? vs.

hv curve (Fig. 3.11) showed that the material had a direct optical band gap of 3.34 eV.
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Fig. 3.11: (alzhv)2 versus hv curve and UV-vis absorption spectra (inset) determined using

Tauc’s equation

3.3.6. Fabrication of indium tin oxide (ITO)/gel compound/aluminum (Al)-

based Schottky barrier diode

Metal {Al)

Material

MO coated § .
Glass substrate @

Fig. 3.12: Schematic representation of Schottky diode based on aluminum/gel/ITO
structure.

Initially, an ITO-coated glass substrate was washed through a 10 min ultrasonic bath containing
acetone, isopropyl alcohol, and DI water. Following the cleaning operation, a thin film (thickness
~1 um) of synthesized gel compound was placed on front of the ITO-coated glass. After

complete drying, a Schottky diode (SD) in sandwiched patterns of 1TO/gel compound/Al was
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formed, with Al acting as the metal electrode (schematically represents in Fig.3.12). In the given
structure, a Schottky barrier is formed at the interface between the gel compound and the Al
electrode. The effective diode area was considered as 7.065 x 10° m?. In the sandwich structure
of Al/gel compound/ITO, the +ve contact was on the Al side and the —ve contact on the ITO
side. Illumination was provided from the ITO side only. In this part of experiment, the light

source was AM 1.5 G radiation from a Model 10500 Solar Simulator (Abet Technologies).

3.3.7. Analysis of electrical characteristics

A Keithley Source Meter was employed to measure I-V at room temperature with a —2 to +2 V
bias range in order to analyze the charge transmission procedure via the interface. The obtained
J-V plots of the gel compound for both dark and light conditions are presented in Fig. 3.13,
where J signifies the current density (current/area) and the log J vs. V graph is depicted in the
inset. The SD behavior is revealed by the rectifying or non-linear nature in forward bias. Table
3.2 shows the photodiode parameters and Table 3.3 shows Schottky diode parameters like the
rectification ratio, calculated using the exponential J-V plot. The compound displayed an
improved rectifying property under illumination, which also implies a higher conductivity. The
ratio of J in the material to the applied bias voltage that generates the current flow is used to
determine how well that compound conducts electricity, i.e. its electrical conductivity. This
compound-based device’s measured conductivity in the low-voltage domain (equivalent to
ohmic behavior) was 1.03 x 10 and 4.12 x 10 Sm' for darkness and illumination,
respectively. When light falls on the device it absorbs the photons and converts the light energy
to electrical current, thus | had enhanced |-V characteristics. The photo-response study was
carried out under AM 1.5 radiation. The calculated on/off ratio for the SD based on my

synthesized material was 7.96.

Different diode parameters like photosensitivity, photoconductivity sensitivity(S), responsivity
(R), and specific detectivity (D) were also calculated (Table 3.2) using the following equations
[57]:

Photosensitivity = 24 oark 10004 (3.2)

Dark

Photoconductivity sensitivity, S = g ok 4 (3 3)

P XV nax
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Responsivity,

Specific detectivity, D* = 208 park.

JLight —JDpark
R =—"FF—"=

P

R

(3.4)

(3.5)

Where, Jpark and Juigne are the values of J at particular bias Vmax, i.e. 2 V under dark and

illumination condition, respectively; total power of incident light is given by P, which is taken as

100 mWem™2; d is film thickness; q is the charge of an electron; and A is active diode area of the

fabricated device.

The theory of thermionic emission, was utilized to estimate additional 1TO/gel compound/Al-

structured SD characteristics [57]. | derived the ideality factor (1), barrier height (®g), and series

resistance (Rs) from the linear component using Cheung’s equation (explained in Section 1.14)

[58].
Table3.2: Photodiode parameters.
On/off ratio | Photosensitivity | Photoconductivity | Responsivity Specific
(%) sensitivity (S) (R) detectivity(D¥*)
Am'w! A m?w! (Jones)
7.96 695.51 13.32x10°" 2.66x10° 90.51x10™
350

—~1300 —0— Dark o

«~ T O Light :
L o8
255 S
222004 10" 8
g 10° g
S 150+ i/loltagoe(\’ollt] :.
+ 1004 I
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P
~ o

Fig. 3.13: Current density—voltage characteristics curve (J-V).
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The n and Rsin both dark and light conditions were derived from the intercept and slope of the
linearly fitted dV/dInJ against J curve (Fig. 3.14 (a) and (b)) using Cheung’s model (mentioned
in Section 1.14, equation 1.11), and listed in Table 3.3. The n in these two cases differed,
implying inhomogeneity at the metal-semiconductor junction. In the case of n, the SD under
dark condition differed much more from the desired properties than under the illuminated
condition. Furthermore, | computed ®g and R using this model by linearly fitting the H(J) vs. J
curve (Fig. 3.14 (a) and (b)) from the intercept and slope, respectively (Table 3.3) (explained in
Section 1.14, equation 1.12).

0.5

2.8

o dV/dind (Dark)
¢ H (Dark)

0.4

dV/idlnd(V)

0.1+

0-0 T T T T L LJ L} ) L} LJ L)
] 1 2 3 4 5 [ 7 1] 5 10 15 20 25

Current Density(A/m’) Current Density(A/m’)

Fig. 3.14: dV/dInJ and H(J) versus current density (J) curves for fabricated diode under
(a) dark and (b) light conditions.

Table 3.3: Schottky diode parameters.

Condition | Rectification | Conductivity | n R, from R from | @ from
ratio Gohmic (Sm_l) dvV/dind vs. | Hvs.J Hvs.J
J curve curve curve
(kQ) (k) (eV)
Dark 1.91 1.03x10°° 3.51 |8.21 8.71 0.70
Light 10.18 4.12x107° 2.89 | 1.97 2.34 0.68
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Fig. 3.15: Energy-band diagram of Al/metallogel interface of the Schottky diode.

The Rsvalues generated from these two approaches were similar (Table 3.3). The SD under light
had lower R with lower ®g, implying comparatively enhanced behavior as a photodiode. Here

the energy band diagram at gel/Al interface for the device 1TO/gel/Al has been provided in Fig.

3.15.

To acquire deeper knowledge of the charge transfer process via the metal-semiconductor
junction, InJ vs. InV plots for the forward bias voltage region were obtained by plotting and
linear fitting (Fig. 3.16 (a)). The slope value was close to 1 (in Region 1), indicating that ohmic
conduction regulated the movement of carriers. However, for Region 2, slope was approximately
2, demonstrating the space-charge-limited conduction (SCLC) procedure due to the trap assisted

carrier [59].

64 o Dark
O Light

Region 2 _‘:;‘"‘
Slope 2.86 &7

L) L)
4 3 2

InV(Vol)

Fig. 3.16: (a) InJ vs. InV graph and (b) current density vs. Voltage2 curve showing the SCLC
region used to calculate the mobility of the effective interface.
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In the SCLC region (Region 2), we evaluated conductivity (Gsc.c) due to this conduction
mechanism in darkness as 2.42 x 10~ Sm™* from the slope of the J vs. V graph; after
illumination, Gsc.crose to 24.72 x 10> Sm ™. To analyze the device in detail, | estimated charge
transport metrics from this region (e.g. effective interface mobility, transit time, carrier
concentration, diffusion coefficient, and diffusion length). One of the most crucial characteristics
of any semiconductor material is carrier mobility, which determines whether it can be used in a
wide range of electronic products. This establishes how quickly an electron or hole can move in
a solid substance when bias voltage is applied. Using Mott—Gurney SCLC density and the slope

of the J vs.V? graphs (eq. 3.6) of Region 2 (Fig. 3.16), the charge carrier’s effective interface
mobility (uerr) was determined and rose with illumination.

J= 9 Heff E08r (V_Z) (3.6)

8 d3

go represents the dielectric permittivity of vacuum, while &, denotes the dielectric constant of the
synthesized film, both determined from the capacitance (C)-frequency (f) curve displayed in Fig.
3.17. The compound's relative dielectric constant was determined to be 1.43. By analyzing the

saturation level of the curve in Fig. 3.17, the semiconductor's dielectric permittivity was
calculated using the provided equation.
1 Coar d

& = (3.7)

€0 A

12x10°4
]
g
- -10
[ 9.0x10™""-
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-]
(]
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= 6.0x10™4
(]
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Fig. 3.17: Capacitance versus frequency plot.
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Where d is the film thickness and A is the area of the diode. The time needed to go from the
anode to the cathode is known the carrier’s transit time, or time of flight (t). High mobility with
short T under illumination shows superior charge transport at the Schottky interface. | determined
1T from the slope of the J-V graph in Region 2 using the Mott—Gurney equation [59].

T = 2odr (K) (3.8)

8d \J

This equation was also utilized for estimating the charge carrier concentration (N) near the Fermi
level, which moves to the edge of the conduction band due to the applied potential.
N =34 3.9
q Hefr ( )

Where, oscLc is the SCLC region conductivity.
Ly =+/2Dt (3.10)

Here, D is the diffusion co-efficient. Recognizing the diffusion length of charge carriers is
essential for understanding their effective transmission from one electrode to the opposing
electrode over the thin film. The diffusion length value may be utilized to determine the
synthesized material’s suitability for device application. The Einstein—-Smoluchowski expression

was also used to compute the diffusion coefficient [57].
qD

Meff = r (3.11)
This approximation gives a fairly accurate idea of the density of defect states distribution in the
band gap region [60]. The denBoer technique [61] was used to calculate the density of states (Ng)
around the Fermi level using the SCLC J-V properties; the lower density of states under
illumination indicates the presence of fewest traps in the forbidden gaps.

_ 2g9g,(Vp—V1)

Np == (3.12)

Here, AEFr represents the change in quasi-Fermi level, defined as follows:

A Ep = KTIn22 (3.13)

]1V2
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Here, V1 and V; represent two different forward bias voltages obtained from the SCLC Region-II
of each diode, with J; and J, representing the corresponding current densities. Therefore, under
illumination, density of the injected photo-generated charge carrier increases and the photo-
induced electrons contribute to the forward current. Interestingly, n and the barrier potential
improved with light soaking. This may be due to the enrichment of the metallogel’s vibration
states, which also increases mobility and is also aided by a lower t under illumination. The
effective improvement in mobility after light soaking is consistent with the light-induced current
mentioned above. The barrier potential height that occurs in the metal-semiconductor interface
layer probably depends on the diffusivity and charge-carrying capacity of the metal-
semiconductor junction. The potential barrier was reduced to 0.68 eV as the light-induced
electron mobility increased. Thus, the forward current was increased due to light soaking. When
the light is turned off, the number of free electrons decreases and the diode current decreases

accordingly [62].

Table 3.4 lists all parameters related to SCLC conduction mechanism, i.e. the values of Gsc,
Letf, T, N, Ng, and diffusion length. All the diode parameters of the gel-based diode revealed
significantly improved charge transfer kinetics under illumination. The better conduction
mechanism is indicated by reduced t, higher pes, lower density of states, and higher conductivity
of compound-fabricated SD [63]. Higher diffusion length under light indicates greater potential
applications. The study demonstrates that the gel compound is a Schottky-type photodiode and

shows that it has possible applications in other optoelectronic devices.

Table 3.4: Charge transport parameters of device.

Conditi | SCLC Mobility Carrier Transit Density of | Diffusion
. . . . states Ny length
on conductivity | Pesr concentration | time 7 (S) eV 'm™) (um)

oscic (Sm ) [ (m*V'sT)  [N(m™)

Dark |242x10° [6.17x107 |244x10% 594 x 107° | 7.66 x 10 | 1.38

Light |24.72x10™ [59.57x10 " | 2.60 x 10% 59x10° |[3.11x10% [1.45
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3.4. Conclusions

A stable supramolecular metallogel of Mn(ll) and ATA was explored, including mechanical
toughness and viscoelastic parameters. The morphological textures of the metallogel system
were investigated using FESEM. A hierarchical-type association of the self-assembled network
found in the metallogel system was scrutinized using FESEM imaging. The EDX analysis
associated with FESEM instruments established the role of Mn(Il)-source, organic aromatic acid,
and the DMF-DMSO mixed solvent in forming the metallogel structure. The mechanistic idea
regarding the metallogel formation was substantiated using FT-IR spectral data and ESI-MS
analysis. The metallogel was successfully used to fabricate a metal-semiconductor junction
based thin-film device to study semiconducting properties. Different measured charge transport
parameters of the fabricated device clearly demonstrated the semiconducting SD feature. The
photosensitivity of the semiconducting diode was also shown. My results may start a new
dimension in the research of mechanically flexible networks for fabricating functional
optoelectronic devices, generated through the use of small molecules via judicial utilization of
non-covalent supramolecular interactions. This may lead to flexible smart electronic diodes with

light sensitivity and technologically advanced functionality.
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Abstract

In this study, | report the synthetic method of two distinct supramolecular metallogels, namely
Mn-BDA and Cd-BDA, using Mn(Il) acetate tetrahydrate, Cd(Il) acetate dihydrate and butane-
1,4-dicarboxylic acid (BDA). DMF, a polar aprotic solvent, was immobilized in both metallogel-
networks for their synthesis. The metallogelation of Mn-BDA was successfully attained through
the instant mixing of a Mn(ll)-source and BDA in DMF solvent media. By applying
ultrasonication, a Cd-BDA metallogel was prepared. The stoichiometry of gel-forming
components concerning metal salts and the LMWG are accountable to obtain respective stable
metallogels. Rheological parameters such as storage modulus (G’) and loss modulus (G’’)
explored the mechanical flexibility of the synthesized metallogels through amplitude and angular
frequency sweep experiments. Both the metallogels possess significant mechanical stability,
which was determined by monitoring diverse gel-to-sol transition shear strain values (7%).
Distinctive morphological visualizations of both of these metallogels (i.e., Mn-BDA and Cd-
BDA) were made via field emission scanning electron microscopic (FESEM) studies,
demonstrating a fibrous inter-connected network with a hierarchical self-assembled arrangement
for Mn(11)-based metallogels and a typical stacked-flake-like association with hierarchical motifs
for Cd(ll)-based metallogels. EDAX elemental mapping substantiated the presence of
metallogel-forming agents such as individual metal acetate salts, BDA acting as a low-molecular
weight gelator, and gel-immobilized solvents such as DMF. Furthermore, Fourier transform
infrared spectroscopy and ESI-mass spectroscopy were performed for both these supramolecular
metallogels. FT-IR spectroscopic and ESI-mass spectroscopic results clearly substantiate the
possible non-covalent supramolecular interactions among basic molecular repeating moieties,
i.e., butane-1,4-dicarboxylic acid (the low-molecular weight gelator), individual metal salts and
gel-immobilized polar aprotic solvent DMF for the construction of distinct stable supramolecular
metallogel-systems. The semiconducting property of the fabricated metallogels was investigated.
Two Schottky diodes (SDs) composed of ITO/Cd-BDA/AI and ITO/Mn-BDA/AI in a sandwich
pattern with Al serving as the metal electrode were fabricated. Both these metallogel-based
devices effectively offer significant semiconducting diode features with nonlinear J-V
characteristics. The non-ohmic conduction protocol of the fabricated metallogel-based devices
was explored. Mn-BDA and Cd-BDA metallogel-based fabricated devices have rectification
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ratios of 6.67 and 23.50, respectively. The gel-based diode performances were examined by

observing the voltage-dependent current density, charge transportation and rectification ratio.
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4.1. Introduction
atural gels are highly valued in science and technology [1]. Gel is the gift of

serendipity acquired through chemical interactions [2, 3]. Gels can be primarily

identified using the inversion vial test of soft-scaffolds, in which the inversion
stabilities of semi-solid materials against gravity are being established [4]. According to the
International Union of Pure and Applied Chemistry, gel is defined as a nonfluid colloidal/
polymer network with the ability to expand [5]. Rheologically, it has been found that gels can
display the properties of both solids and liquids and are also termed visco-elastic materials [6]. It
is evident from the research arena focusing on gel-scaffolds that these are principally made of
gelators with low amounts of gelling materials and gel-immobilized suitable pure or mixed
solvent-media. The gel-forming solvent is typically a large amount of trapped liquid responsible
for the formation of a mechanically flexible 3D soft-network [6]. If a gel network is constructed
through non-covalent interactions, then physical gels or supramolecular gels are formed [6]. Gels
can be further classified into hydrogels and organogels on the basis of gelling solvents, including
polar to non-polar and protic to aprotic features. If the gelling media is water or an aqueous
solvent environment, then the corresponding gel is considered a hydrogel. Furthermore, for
organogels, the gelling solvent falls under the organic category. However, if the gelator
undergoes gelation with both aqueous and organic solvents, then such gelators are called
ambidextrous gelators [7]. Non-covalent interaction-directed supramolecular gels are manifested
through implementing versatile interactions including van der Waals, hydrogen bonding, dipole—

dipole, ion—dipole, ion—ion, n—x, cation—n, and anion— [8].

Gels having vast applications over a miscellaneous region of materials science are effective for
catalysis, magnetic materials, optical activity, conductivity, optoelectronic devices, energy
storage, charge transportation, photo physics, lithography, actuators, nano electronics and nano
science, tissue engineering, drug delivery, medical diagnostics, cosmetics, foods, bio
mineralization environment, etc. [9-13]. One of the prominent classes of exploring
supramolecular gels is the metallogelation protocol. The first reported attempt of metallogelation
was a lithium urate-derived hydrogel formation strategy [14]. In metallogels, the 3D flexible-
network, entrapping appropriate solvents, is made by the non-covalent interactions mainly

hydrogen bonding as well as metal-ligand coordination between metal ions/salts and gelators
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[15]. The presence of metal ions in the metallogel influences a wide range of functionalities, e.g.
catalytic activity [16], semiconducting opto-electronic diode fabrication [17,18], non-linear
optical device [19], magnetism [20], antipathogenic effect [21,22], proton-conduction [23], tissue
engineering [24,25], and transportation of drug [26-29]. The role of low-molecular weight
gelators, particularly involved in the origination of supramolecular metallogel systems, is really
fascinating to get functionally intriguing metallogels using organic gelators such as aliphatic type
(monoethanolamine, suberic acid, sebacic acid, adipic acid, itaconic acid, citraconic acid, etc.)
[13, 30-32] and aromatic type (nitroterephthalic acid, aminoterephthalic acid, bipyridine,
terephthalic acid, etc.) [33—-35].

The use of particular mechanical behaviours such as toughness, flexibility, elasticity, thermo
reversibility, and notably thixotropic features of synthesized supramolecular gels in diverse
applications for offering advanced technology has not been systematically explored till date [1-
4, 6, 36]. The proper implementation of self-repairing supramolecular gel and metallogel
materials in the domain of fabricating sophisticated technical devices is extremely urgent in
contemporary period [22, 32]. The auto-restoration of performances of self-healing gel-based
devices after mechanical damage may play a significant role in preparing classy functional
entities including photo-responsive diodes [34, 37], higher order NLO devices [30, 38], and ion
conducting materials [39, 40]. Even the approach of research in self-healing gel-based bio-active
systems might be tremendously effective toward bio-technological outlook [38, 41]. The
prospect of having a transistor application z-ion gel as the supramolecular material is reported to
perform as the active layer and gate capacitor, exhibiting large transconductance [42]. Influenced
by this up-to-date research, |1 am trying to obtain more spaces in the literature for acquiring the
metallogel-based devices applicable for scientific and technological uses to have advanced
functional materials with utmost flexibility. In this context, the fabrication of semiconducting
devices with self-restoring capacity is really a challenging attempt for next generation. Usually,
silicon-based materials are highly esteemed in fabricating diodes with versatile applicability [43—
47]. The role of germanium-based diodes is also noteworthy in material research [44, 45, 47, 48].
Besides, the importance of metal oxide-based diodes is reported in the literature [49, 50].
Uniquely, achieving proficient diode performances with mechanically flexible semiconducting

materials is really exciting in the field of science and technology. | am highly engaged to offer
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such flexible material-based device fabrication [22, 32, 51]. In this content, the significance of

mechanically flexible supramolecular gel-based devices earns special interest.

Through my current endeavour | have tried to accomplish butane-1,4-dicarboxylic acid-directed
formation of supramolecular Mn(1l) and Cd(Il)-metallogels and to unveil several metallogel-
related features such as rheological, morphological and mechanistic strategies, using
spectroscopic outcomes. Regarding the exploration of metallogel-based functional devices, |
attempted to study the voltage-dependent current density, charge transportation, and rectification
ratio of metallogel-based fabricated diodes. The non-ohmic conduction mechanism of
supramolecular metallogel-directed devices has been exhaustively studied through the attempt.
Hoping to achieve suitable materialistic applications, | feel that the study will be beneficial
toward the advancement of mechanically flexible-type material-based device fabrication for

technological appliances.

4.2. Experimental Section:
4.2.1. Materials

Cadmium(Il) acetate dihydrate, manganese(ll) acetate tetrahydrate metal salts and butane-
1,4-dicarboxylic acid (BDA) were purchased from Sigma-Aldrich chemicals and utilized
in experiments. N, N’-Dimethylformamide (DMF), acetone, chloroform, ethyl acetate,
benzene, ethanol, tetrahydrofuran (THF), methanol, acetic acid, acetonitrile, petroleum
ether, and dichloromethane (DCM) were also taken from Sigma-Aldrich chemicals and

consumed as solvents during experiments.

4.2.2. Characterizations

Preliminarily metallogels were characterized through the inversion of vial visualizations.
Microstructural images and elemental mapping were investigated using a ZEISS GeminiSEM
450 (Gemini 2) and EDAX instrument. A Malvern, KINEXUS Pro+ rheometer with an 8 mm
parallel plate was used for the rheological study of metallogel systems. The FT-IR experimental
data collection was accomplished using a PerkinElmer Fourier transform infrared spectrometer.
ESI mass spectral analyses were performed using an Agilent Q-TOF mass spectrometer. The
current—voltage measurements of the Schottky device made-up with metallogel were carried out

using a Keithley 2635B source meter.
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4.2.3. Synthesis method of Mn-BDA and Cd-BDA metallogels
Butane-1,4-dicarboxylic acid (BDA)-based Mn-BDA and Cd-BDA metallogels were synthesized

through the direct mixing of DMF solutions of individual metal acetate salts and butane-1,4-
dicarboxylic acid used as the low-molecular weight gelating agent. The metallogel-forming
chemical constituents with suitable stoichiometric ratios (i.e., Mn(ll) acetate tetrahydrate (0.3
mM, 73.6 mg) and BDA (0.3 mM, 43.9 mg)) were independently dissolved in 1 ml DMF
solutions. Instant formation of Mn-BDA metallogels was established through the direct mixing

of the solutions of Mn(ll) acetate tetrahydrate and BDA in a glass-vial.

Similarly, for Cd-BDA metallogels, 1 ml DMF solutions of Cd(ll) acetate dihydrate (2.0 mM,
533.1 mg) and BDA (2.0 mM, 292.3 mg) were separately prepared in a glass vial. Off-white
coloured Cd-BDA metallogels were obtained via ultra-sonication of the mixture having Cd(ll)
acetate dihydrate and BDA in a DMF solvent medium for ~1 hour. These two metallogels
remained stable for few months under ordinary atmospheric conditions. The inversion-vial test
for individual cases was executed for the preliminary investigation of the gel-like behaviour of
Mn-BDA and Cd-BDA metallogels (see Schemes 4.1 and 4.2 for the synthetic protocol of Mn-
BDA and Cd-BDA metallogels, respectively).

) o
- 1
DMF
+ .~

0.3 mM 0.3 mM
Mn(OAc),-4H,0 BDA Mn-BDA

Scheme 4.1: Synthetic scheme of the Mn-BDA metallogel in a DMF solvent medium.

DMF
L4 S
P Ultrasonication
2.0 mM 2.0 mM *r-—""l‘r -
Cd(OAc),-2H,0 BDA Cd-BDA

Scheme 4.2: Synthetic approach of the Cd-BDA metallogel in a DMF solvent
medium.
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4.2.4. Minimum critical gelation (MCG) concentration of Mn-BDA and Cd-BDA
metallogels

Minimum critical gelation (MCG) concentration for a gel-material is the minimum concentration
at which the finest quality gel-scaffold is formed. This experiment was executed for both
fabricated Mn-BDA, and Cd-BDA metallogels. The concentrations of the individual metal
acetate salts and BDA were varied in static amount of DMF solvent with fixed stoichiometry.
Experimental outcomes establish that the premium quality Mn-BDA metallogel was obtained
when the concentrations of Mn(ll) acetate salt and BDA were maintained as 73.6 mg ml™* (0.3
mM) and 43.9 mg ml~* (0.3 mM), respectively in a DMF medium. It was initially confirmed
through the inversion of vial test (Fig. 4.1 and Table 4.1). Following the identical optimized
environment, the minimum critical gelation (MCG) concentration for the Cd-BDA metallogel
was achieved at the requisite concentration level of Cd(ll) acetate-salt (i.e., [Cd(Il) acetate
dihydrate] = 533.1 mg ml™, and [butane-1,4-dicarboxylic acid] = 292.3 mg ml™) (Fig. 4.2 and
Table 4.2).

Fig. 4.1: Determination of Minimum Critical Gelation Concentration (MCG) of the Mn-
BDA _metallogel with step-wise photography (a-e) of Mn-BDA metallogel-forming chemical
constituents having varied concentrations.

Table 4.1: Determination of Minimum Critical Gelation Concentration of the Mn-BDA.

Serial No. | [Mn(OAc),-4H,0] [BDA] Phase
(in 1 ml DMF) (in 1 ml DMF)
1 12.3 mg/ml 7.3 mg/ml Sol
2 19.6 mg/ml 11.7 mg/ml Sol
3 24.5 mg/ml 14.6 mg/ml Viscous sol
4 49.1 mg/ml 29.3 mg/ml Weak gel
5 73.6 mg/ml 43.9 mg/ml Gel
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Fig. 4.2: Determination of Minimum Critical Gelation Concentration of the Cd-BDA
metallogel with step-wise photography of Cd-BDA metallogel-forming chemical
constituents having varied concentrations.

Table 4.2: Determination of Minimum Critical Gelation Concentration of the Cd-BDA.

Serial | [Cd(OAc);-2H,0] [Gelator] Phase
No. (in 1 ml DMF) (in 1 ml DMF)
1 266.5 mg/mi 146.2 mg/ml Sol
2 319.8 mg/mi 175.4 mg/ml Viscous Sol
3 399.8 mg/mi 219.2 mg/mi Viscous sol
4 453.1 mg/ml 248.5 mg/mi More viscous sol
5 533.1 mg/mi 292.3 mg/mi Gel

4.2.5. Inspecting the trend of Mn-BDA, and Cd-BDA metallogel formation in
diverse solvent media

Fig. 4.3: Role of versatile solvents in forming stable metallogel of Mn-BDA.
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Metallogelation capability of metallogel-forming ingredients was experimentally investigated in
a wide range of solvent media ranging from polar to non-polar type. The study revealed that the
polar aprotic-type solvent DMF is the most favourable solvent and gets indigenously entrapped
in a stable network of metallogel soft-scaffolds, contributed by the distinct metal acetate salt and
the gelator molecule of BDA. The trend of Mn-BDA and Cd-BDA metallogel formation in
diverse solvent media was also critically investigated through these studies involving several
solvent systems (Fig. 4.3 and 4.4). Non-covalent supramolecular interactions acting within the
LMWG [13,30-32] (i.e., butane-1,4-dicarboxylic acid) and particular metal acetate sources
become exclusively effective through the contribution of polar aprotic-type solvents such as
DMF as the metallogel-constituting optimum solvent medium to have a stable gel-network of
Mn-BDA and Cd-BDA. The polar aprotic solvent DMF is a vital agent for synthesizing LMWG-
directed individual metallogels using non-covalent supramolecular interactions[18,19,30—
32], resulting in built inter-linked three-dimensional metallogel systems as experimentally tested

through rheological, spectroscopic, and morphological investigations.

Fig. 4.4: Role of versatile solvents in forming stable metallogel of Cd-BDA.
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4.2.6. Device Fabrication and Characterization

Two ITO (indium tin oxide)-coated glass materials were washed in an ultrasonic bath for 10
minutes each using acetone, isopropyl alcohol (IPA) and DI water. Following the cleaning
procedure, thin films of synthetic gel compounds (film thickness ~ 1 um) were applied to the
front surfaces of two ITO-coated glasses. Finally, two Schottky diodes (SDs) comprising
ITO/Cd-BDA/AI and ITO/Mn-BDA/AI in a sandwich pattern with Al serving as the metal
electrode were synthesized using the synthesized samples (Scheme 4.3). The Al electrodes’
surface area was kept constant at 7.065 x 10 ® m?. A Keithley 2635B source metre interfaced
with a PC was used to measure the current—voltage of the constructed devices using Cd-BDA
and Mn-BDA, while they were in the darkness and operating in the range from —1 V to +1 V at

room temperature.

]

Source
Meter

Scheme 4.3: Semiconducting diode fabrication (ITO/metallogels (i.e., Mn-BDA, and
Cd-BDA)/Al sandwich pattern).

4.3. Results and discussion
4.3.1. FESEM Microstructural and EDAX Elemental Studies

The morphological organization of the xerogel sample of Mn-BDA was uncovered by the use of
FESEM images. FESEM microstructural vision (Fig. 4.5a) depicts the inter-linked fibrous
network with self-assembled structural patterns in the metallogel systems. The self-assembled

relatively elongated fibers with the average length of few micrometers within the xerogel-
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network were experientially visualized. The active participation of metal acetate salts with
conjugated organic counter anions and BDA-based association with a suitable solvent medium
(i.e., DMF) lead to the formation of LMWG-dominated supramolecular 3D soft-scaffolds, where
the dicarboxylic acid parts of BDA with appropriate metal source in DMF prevailed to achieve
the gel-structure having utmost mechanical flexibility. A critical insight of hierarchical type
fibrous morphology was gained through FESEM images (Fig. 4.5a). The effectiveness of
metallogel-forming chemical constituents was examined by EDS elemental analyses (Fig. 4.6),
confirming the presence of diverse gel-forming elements such as C, N, O, and Mn in the Mn-
BDA metallogel. The direct impact of the metallogel-forming gel constituents on the formation

of Mn-BDA metallogels was systematically explored..

The highly systematic hierarchical morphology with regular-type stacked-flake arrangement was
visualized through the FESEM analysis of the xerogel state of Cd-BDA metallogels. The self-
assembled and highly compact microstructural patterns with inter-connected flakes having the
extension of almost sub-micrometer range are critically accountable for offering the stable
metallogel structure of Cd-BDA (Fig. 4.5b). The dicarboxylic acid moieties of BDA provides a
critical insight into the non-covalent supramolecular interactions with the metal acetate salt of
Cd(1l) in DMF solvent media and, in a combined way, these are directed to achieve the self-
assembled metallogel structure of Cd-BDA. The use of metallogel-forming chemical sources was

inspected by EDS elemental analyses (Fig. 4.7), confirming the presence of diverse gel-forming
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elements such as C, N, O, and Cd of Cd-BDA metallogels. The straight control of the metallogel-
forming ingredients to build Cd-BDA metallogels was systematically revealed. Through EDS
elemental analyses (Fig. 4.6 and 4.7 for Mn-BDA and Cd-BDA, respectively), it was found that
the presence of ‘N’ elements in both of these metallogels (i.e., Mn-BDA and Cd-BDA) implies

the role of the DMF polar aprotic solvents in the formation of stable metallogel structures for

Mn-BDA and Cd-BDA.
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Fig. 4.6: EDAX elemental mapping with spectrum of Mn-BDA metallogel.
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Fig. 4.7. EDAX elemental mapping with spectrum of Cd-BDA metallogel.

4.3.2.Rheological characterizations of Mn-BDA, and Cd-BDA
metallogels

Stability against the mechanical distress of flexible semi-solid supramolecular soft-scaffolds was

extensively investigated using a Malvern, KINEXUS Pro+ rheometer. The experiment was



Comparative outcomes of ... | 119

carried out for both Mn-BDA and Cd-BDA metallogels through the gradual increment of the
shear strain (y%) from 0.01% to 100% at a fixed angular frequency () of 10 rad s *. At the
beginning of the experiment, the storage modulus (G’) predominates over the loss modulus (G"),
and this is a signature of best quality gel. With the progression of experiments, the storage
modulus (G') progressively decreases until it crossed over by the loss modulus (G"), causing the
larger G” value than G’ (i.e., G” > G'), which indicates the gel-to-sol transition phenomena [18,
19]. This crossover point was observed at 16.84% of the shear strain (y%) for Mn-BDA and
9.29% of the shear strain (y%) in case of Cd-BDA metallogels (Fig. 4.8a and b). These data

verify that, in terms of rheological aspects, the Mn-BDA metallogel is rheologically superior.
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Fig. 4.8. Strain sweep rheological test of (a) Mn-BDA, and (b) Cd-BDA metallogels.

Moreover, the frequency sweep experiment was accomplished to visualize the viscoelastic nature
of both metallogel samples. Experimentation was done within an angular frequency () array of
100 rad s*to 0.1 rad s'with the application of constant 0.01% shear strain (y%). No
entanglement effect was observed within this experimental angular frequency range (Fig. 4.9a
and b), i.e., the storage modulus (G’) and loss modulus (G") run parallel to each other, which
signifies the dominant viscoelastic nature of the synthesized Mn-BDA and Cd-BDA metallogels
within the applied angular frequency range (i.e., 100 rad s * to 0.1 rad s %) [22, 30, 51-55].
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Fig. 4.9: Angular frequency sweep rheological measurement of (a) Mn-BDA, and (b) Cd-
BDA metallogels.

4.3.3. FT-IR spectroscopic study of the synthesized Mn-BDA, and Cd-
BDA metallogels

The strategy of metallogel construction of Mn-BDA and Cd-BDA via versatile non-covalent
supramolecular interactions, interplaying within distinct metal(1l) acetate salts and BDA ligands
in DMF as the polar aprotic solvent medium under ordinary environmental condition, was
comprehensively studied by FT-IR spectroscopy. The experimental outcomes evidentially
approve the active participation of the non-covalent-type supramolecular interactions throughout
the soft-scaffolds of individual metallogels. The comparison of significant FT-IR stretching
frequencies of the xerogel form of Mn-BDA and Cd-BDA metallogel samples is tabulated
in Table 4.3 and Fig. 4.10a (for Mn-BDA\) and Fig. 4.10b (for Cd-BDA).
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Fig. 4.10: FT-IR spectra of xerogel samples: (a) Mn-BDA, and (b) Cd-BDA metallogels.
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Table 4.3: FT-IR stretching frequency of the xerogel samples of Mn-BDA, and Cd-BDA

metallogels.
Mn-BDA Cd-BDA
Modes of Wavenumber Modes of Wavenumber
Vibration (in cm'l) Vibration (in cm'l)
v(OH) 3305 v(OH) 3451
v(alkyl C-H) 2950 v(alkyl C-H) 2947
v(CO) 1739 v(CO) 1739
va(COO0) 1572 va(COO0) 1543
vs(COQO) 1374 vs(COQO) 1419
v(acyl C-0O) 1276 v(acyl C-0) 1203
v(CN) 935 v(CN) 913
v(OCN) 687 v(OCN) 713
v(Mn-0) 517 v(Cd-0) 505
For Mn-BDA, different IR-stretching frequencies including v(OH), v(alkyl C-

H), v(CO), v4(COO0), vs(CO0O), v(acyl C-0), v(CN), v(OCN), and v(Mn-Q) are shifted to lower
values with respect to the pure gel-forming constituents such as Mn(OAc),-4H,0 as metal
sources and butane-1,4-dicarboxylic acid as the LMWG [30, 33]. Similarly, the values of IR-
C-H), v(CO), v4(CO0), v5(COO0), v(acyl C-
0), v(CN), v(OCN), and v(Cd—-0O) for Cd-BDA are shifted to lower values than the pure Cd(ll)
metallogel-forming constituents such as Cd(OAc),-2H,0O and the LMWG (i.e., butane-1,4-

stretching frequencies such as v(OH), v(alkyl

dicarboxylic acid) [22, 30]. The experimental results revealed that for both of these metallogels,
the perceptible shifts of FT-IR stretching frequencies compared to the metallogel-forming
constituents are obtained [22, 30, 33]. The results designate the manifestation of several possible
non-covalent supramolecular interactions among the gel-forming ingredients including metal
acetate salts, and in particular BDA as the gel-immobilized solvent medium. This ultimately

contributes to the formation of stable metallogel structures of Mn-BDA and Cd-BDA.

4.3.4. ESI Mass Analyses

The ESI-mass spectroscopic results obtained from Fig. 4.11 and 4.12 for the metallogels of Mn-
BDA and Cd-BDA, respectively, are accounted to get the essence of a metallogel-forming

strategy at the molecular level. The investigated data of ESI-mass spectral study expose the



122 | Chapter 4

persistence of the metallogel-forming chemical ingredients. The marked m/z peaks in the ESI-
mass result (Fig. 4.11 and 4.12) dictate to catch the most plausible vision to find the repeating
units, responsible to construct each of the metallogels. For both the metallogel networks (i.e.,
Mn-BDA and Cd-BDA), the individual metal acetate salts with butane-1,4-dicarboxylic acid,
source of dicarboxylic acids and acting as the LMWG in both metallogel systems, are assembled
through involving non-covalent supramolecular interactions and this is counted as the pivotal
repeating parts of constructing the soft metallogel-scaffold. This ESI-mass based exploration is a
signature of metal acetate-directed supramolecular self-assembly phenomena, which is
principally executed by the influence of low-molecular weight gelators of butane-1,4-
dicarboxylic acid capable of interacting with metal sources of individual metallogels. Both of the
acid moieties of butane-1,4-dicarboxylic acid are extremely effective to independently
coordinate with the metal centres of individual metal salts including Mn(ll) acetate tetrahydrate
(for Mn-BDA) and Cd(Il) acetate dihydrate (for Cd-BDA), and this might be critically
accountable to form the metallogel-constructing networks, which are able to immobilize the
polar aprotic solvent DMF via versatile non-covalent supramolecular interactions for offering the
stable metallogel structure of Mn-BDA and Cd-BDA. The possible repeating constituent for both
metallogels (i.e., Mn-BDA and Cd-BDA\) is exposed through Scheme 4.4.

M= Mn(l1)/Cd(ll)
[T = Metallogelimmobilized DMF solvent

Scheme 4.4: Schematic of the possible metallogel-forming network of Mn-BDA and
Cd-BDA metallogels in DMF solvent media
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Fig. 4.12: ESI-Mass Spectra of Cd-BDA metallogel

4.3.5. Electrical characterization

The manufactured devices’ current—Vvoltage properties were measured at room temperature in a
certain bias voltage range (i.e., £1 V) under dark conditions. The two samples’ observed J—
V curves in complete darkness are shown in Fig. 4.13a, where J represents the current density
(current/area). The inset of Fig. 4.13a displays the logarithmic representation of current density
considering a function of voltage. The device based on Cd-BDA has a better rectifying property

that implies good Schottky nature. The higher current recorded for the Cd-BDA device suggests
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a higher conductivity, as shown in Table 4.4, which shows the rectification ratio computed from

the exponential J-V curve. The ohmic conductivity of the Cd-BDA based device was determined

to be 3.24 x 10° S m* at room temperature, whereas the conductivity of the Mn-BDA-based

device was 1.02 x 10°Sm ™.
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Fig. 4.13: (a) Current density-voltage (J-V) characteristics curve; dV/dInJ and H(J) versus

current density curves for (b) Cd-BDA and (¢) Mn-BDA based diodes.

Table 4.4: Schottky Diode Parameters

Sample Rectification Gohmic n R from ®g from
Ratio S/m dV/dindVs J HVsJ HvsJ
curve (KQ) | curve (KQ) | curve (eV)
Cd-BDA 23.50 3.24x10° 2.22 0.89 0.87 0.69
Mn-BDA 6.67 1.02x107° 3.34 4.03 4,22 0.70

The charge transport method in the devices has been better understood using thermionic

emission (TE) theory [56]. In terms of TE theory, the current density of diodes is represented as

follows [57]:
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I =Jo [exp (35) - 1] (1)
Where, Jo=A"T?exp (— 122 @)

g is the electronic charge, Jo is the representing saturation current density, V is given as the
forward bias voltage, k is the Boltzmann constant, nis the ideality factor, T stands for the
temperature in Kelvin, ®g is the effective barrier height at zero bias, A is used for diode area
(7.065 x 10 °®m?), and A* is the effective Richardson constant (1.2 x 10° A m 2 K?). Some
significant diode parameters were obtained using Cheung's technique [58]. According to
Cheung's method, the forward bias J-V characteristics with regard to series resistance are

represented as follows [58]:

= 9 (V—IRs)
J=1o [exp( WKT )] @)
where the voltage drop through a device's series resistance is referred to as the IRs term.

By entering the value of the saturation current density into the specified equation (i.e., eqn (3))
and differentiating considering In J, the amount of series resistance can now be calculated from

the functions given as follows [33]:

d nKT

g = AJRs +1= (4)
HO) =V —"2In () = AJ Rs )

The slope and intercept of the dV/d In(J) vs. J plot (Fig. 4.13b and c) were used to calculate the
series resistance (Rs) and ideality factor (n) for both devices. The y-axis intercept of the H(J) vs.
J curve was used to estimate the barrier height (®g) for devices (Fig. 4.13b and c). Another
estimation of the series resistance is given by the slope of this plot. The resulting ideality factor

(m), barrier height (®g), and series resistance (Rs) values are listed in Table 4. 4.

The values of ideality factor (;) for both devices deviate from ideal behaviours, due to the
presence of inhomogeneities of the Schottky barrier height and existence of interface states, and
series resistance [33] indicating an inhomogeneous metal-semiconductor contact. When
compared to SD based on Cd-BDA, SD based on Mn-BDA in this case strayed further from the
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ideal behaviour, but there was no obvious relation between the active materials and the ideality

factor.

Table 4.4 shows how close is the R value estimated using two distinct techniques. The lower
barrier height and lower series resistance of Cd-BDA's SD compared to the other, signal
improved performance. It is seen that the device performance of Cd-BDA improved for all the
cases, compared to Mn-BDA. Therefore, the synthesized Cd-BDA is expected to be a better

candidate than Mn-BDA for fast switching device application.

According to the power law, J o« V™ [59], where m stands for the slope of J vs. V plot, is stated to
regulate the current conduction process in Schottky diodes. The J vs. V curves for each device
based on the samples are shown on a logarithmic scale under the forward bias as shown in Fig.
4.14a, which depicts two separate areas with different slopes. The J-V curves were further
analyzed by evaluating mobility, transit time and carrier concentration of the carriers and provide
a deeper conception of charge transport mechanisms in devices. The standard SCLC theory was
employed for this purpose. Both samples exhibit ohmic behaviour at a low bias voltage (region
1), where the current is directly proportional to the implemented bias voltage (m ~ 1). The region
Il exhibits the current variation with the square of forward bias voltage (m ~ 2) and correlates in
terms of higher-ordered magnitude of slope. In this area, the conduction process is

controlled via SCLC mechanism [60].
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If the injected carriers are more than the background carriers, they disperse and create a space
charge field. Under these conditions, the currents are mostly governed by this field and are
known as SCLC [61]. As determined by the slope of the J-V curve, the conductivity of the
device based on Mn-BDA in the SCLC zone (region-11) is 6.88 x 10°S m™', whereas the
conductivity of the device based on Cd-BDA increases to 3.23 x 10 *S m™'. The carriers’
mobility and transit times (t) have a big influence on how well the device works. Therefore,
using the Mott—Gurney space-charge-limited-current (SCLC) equation [62], the effective carrier
mobility was determined from the J versus VV plot (Fig. 4.14b) in region Il as follows:

J =2 () ®)

where g9 shows the dielectric permittivity of free space, s IS the effective interface mobility of
electrons, d is the film thickness and g, stands for the dielectric constant of the synthesized
material.

The value of material's dielectric constant was calculated from the saturation point of the curve
in the capacitance vs. frequency data plot (C—) (Fig. 4.15) using the following equation [63]:
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Fig. 4.15: Capacitance versus frequency plot for Cd-BDA, and Mn-BDA.

According to calculations, Cd-BDA's relative dielectric constant (e) is 0.553, whereas Mn-
BDA's is 0.395. The amount of time a carrier takes to go from an anode to a cathode is known as
the transit time (7). It can be represented as the summation of average total time spent by each
electron as a free carrier plus total amount of time spent in the trap [64]. The following equation

can be used to estimate the transit time (z) of the charge carrier from the In J vs. In V graph:
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500 ®

The charge carrier concentration (N) near the junction of the devices was estimated using the

following formula:

N — OSCLC 9
q Heff ( )

Where, oscic is the SCLC region conductivity. It can be seen that the effective carrier mobility
is higher for Cd-BDA with a carrier mobility of 4.28 x 10> m? V' s™!, which is a 3-fold increase
compared to the Mn-BDA. Not only that, the carrier concentration also increased by as much as
58%. In Mn-BDA, longer transit times result in increased trapping probabilities [65].

Table 4.5 lists the effective carrier mobility and transit time data for Mn-BDA and Cd-BDA.
Therefore, it can be seen from the table that there is an improvement in charge transport Kinetics
for Cd-BDA. The improvement is attributed to the excellent conductivity and high carrier
mobility of Cd-BDA. The enhanced effective interface mobility, conductivity, and shorter transit
time of the SD generated by Cd-BDA point to a superior conduction mechanism [66]. The
morphological compactness of Cd-BDA is more prominent, as evident from the FESEM
microstructures of Mn-BDA and Cd-BDA, and this might be regarded for the better
semiconducting diode performances of Cd-BDA-based metal-semiconductor junction-type
devices. Moreover, the size factor of the metal centres of the corresponding metal acetate salts
including Mn(OAc),-4H,0 and Cd(OAc),-2H,0 of individual metallogel systems is also
considered for the variation in the diverse parameters of metallogel-based metal-semiconductor

junction-type Schottky diodes [51].

Table 4.5: SCLC/Charge Transport Parameters.

Sample SCLC Mobility Transit Carrier
conductivity Mett time concentration

oscLe (Sm) (m*v7's™ T (s) N (m™)

Cd-BDA 3.23x10™ 4.28x10° | 2.33x10°® 4.71x10%"

Mn-BDA 6.88x10™ 1.44x10° | 6.97x10° 2.99x10%"°
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4.4. Conclusions

The effective attainment of a protocol for the formation of a mechanically flexible
supramolecular metallogel using metal acetate salts of Mn(ll) and Cd(ll) with butane-1,4-
dicarboxylic acid as a low-molecular weight gelator in a gel-immobilized appropriate polar
aprotic-type solvent medium (i.e., DMF) has been explored. The comparative idea of individual
gel-synthesis procedure dictates that the diversity of stoichiometries of gel-forming constituents
involving distinct metal salts and LMWG is accountable to get respective stable metallogels.
Particularly, the ultrasonication-based reaction condition is critically liable toward the formation
of Cd(ll)-based stable metallogels. The synthesized metallogels are exhaustively characterized
through a considerable number of experimental performances such as rheological and FESEM
microstructural scrutiny, EDX elemental testing, FT-IR spectroscopy studies and ESI-mass
results. The values of FT-IR stretching frequencies of individual xerogel samples validate the
contributing role of non-covalent supramolecular interactions in metallogel construction. Even,
ESI-mass results depict the possible basic repeating sector of metal acetate salts and butane-1,4-
dicarboxylic acid capable of constructing specific metallogel systems. Using synthesized
metallogels, the semiconducting devices on metal-semiconductor junctions have been
developed. Comparative studies in diode parameters were explained by evaluating the carrier
transport mechanism through the metal-semiconductor junction and this revealed the supremacy
of the Cd-BDA-based SBD for all the cases. Markedly, the experimental data of J-V curves
reveal a distinct non-linear nature for both Mn-BDA and Cd-BDA metallogels, and these
demonstrate rectification ratios of 6.67, and 23.50, respectively. This non-ohmic conduction
behaviour gets categorized. Heightened voltage-dependent current density, charge transportation
across the MS interface, mobility and carrier concentration, and the diode performances of the
fabricated devices have been monitored by SCLC theory, which reflected the superior transport
properties of the Cd-BDA Schottky device. In light of these results, | infer that Cd-BDA is a
promising alternative to Mn-BDA for better rectification and fast switching device application.
Predominant microstructural compactness of Cd-BDA as found through FESEM images might
be responsible to have better semiconducting diode performances of Cd-BDA-based devices.
Moreover, the size factor of Cd(ll) centres in the Cd(OAc),-2H,0O-directed Cd-BDA metallogel

system might be effective to substantiate the improved diode performances of the Cd-BDA-
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based semiconducting device. Thus, this work provides an effective way of fabricating flexible
semiconducting devices using versatile metallogel systems for offering electrical materials,

suggesting their considerable involvement in advanced technology.
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Abstract

An outstanding approach for the development of supramolecular metallogel with nickel(ll) ion
and 5-aminoisophthalic acid as a gelator (LMWG) in DMF medium had been accomplished at
room temperature. The rheological studies of supramolecular Ni(ll)-metallogel established the
mechanical compactness of the gel material. The FESEM microstructural study and EDX
elemental mapping showed the flake-like morphological patterns and major chemical
constituents of Ni(ll)-metallogel. The possible metallogel formation approach has been
examined using FT-IR spectroscopic study. Moreover, supramolecular Ni(ll)-metallogel
assemblies show electrical conductivity in metal-semiconductor (MS) junction electronic
devices. The metallogel based thin film device shows electrical conductivity as1.53x10°S.m™.
Semiconductor properties such as Schottky barrier diode nature of the synthesized Ni(ll)-

metallogel based devices were explored.
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5.1. Introduction
els are often thought to consist of an elastic cross-linked network and the trapped

liquid [1]. Gels are ubiquitous in daily life; notable examples are hair gels, toothpaste,

and soft contact lenses. The field of material science and its associated industrial
applications are constantly being reinforced by molecular self-assembly, one of the main
branches of supramolecular chemistry [2]. The spontaneous self-assembly of molecules produces
three-dimensional frameworks known as supramolecular gels [3]. The gelators and solvent
molecules, which are immobilised by the gelator molecules in the 3D soft gel scaffolds, are the
two principal elements making up the supramolecular gel [4]. The inversion vial test, which
demonstrates that a vial of gel remains stabilized against gravity, provides the most direct
primary evidence of gel formation [5]. The organic and/or inorganic gelators trap various
solvents, such as water (H,O) [6], acetonitrile (H3C—C=N) [7], ethanol (CH3;CH,OH) [8],
methanol (CH3OH) [9], dichloromethane (CH,Cl,) [10], deuterated dichloromethane (CD,Cl,)
[11], 1,2-dichlorobenzene (CgH4Cly) [12], acetone (CH3COCHS3) [13], carbon tetrachloride
(CCly) [14], DMF ((CH3);NC(O)H) [15], tetrahydrofuran ((CH,)40) [16], dimethyl sulfoxide
(C2H60S) [17], and toluene (CgHsCHj3) [18], etc. to create three-dimensional gel structures [19].
Polymers such as polyester, poly(ethylene glycol), polyolefins, polycaprolactones, and
polycarbonates often serve as gelators to produce a variety of stable gel compositions [20].
However, low molecular weight gelators (LMWGs), which have molecular weights under 3000,
have a strong capacity in supramolecular gel formation through immobilization of solvent
molecules [21, 22]. Literature is full with various low molecular weight gelators such as alkenes
[23], amides [24], modified amino acids [25], urea [26], peptides [27], sugars [28], dendrimers
[29], etc. which have wonderful gelation property in presence of different solvent molecules.
Supramolecular gel formation is the output of intriguing non-covalent interactions including
hydrogen bonds [30], electrostatic interactions [31], hydrophobic [32], and hydrophilic forces
[33], van der Waals forces [30], aryl-system-based interactions [34], etc. Supramolecular gels
have become vital area in material science due to its numerous applications in both the academic
and industrial arena like catalysis [6a, 6b, 35], lithography [36], opto-electronic devices [37],
electrochemical devices [38], chemo-sensors [39], cell culture [40], drug delivery [41], tissue

engineering [42], semiconductors [15], etc.
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Metallogels are significant class of supramolecular gels which are formed by the
incorporation of metal ions with the appropriate LMWG to create a 3D supramolecular
soft gel structure that may exhibit intriguing and unusual features [5]. In metallogels,
metal ions impart a number of significant functionalities into the metallogel scaffolds,
including redox activity [43], magnetic behaviour [44], conductivity [45], actuators [46],
catalytic activity [47], optical activity [48], etc. As smart functional materials,
supramolecular metallogel systems based on transition metals have recently received
interest because of their affordability and availability. Researchers have recognized
several useful metallogels of transition metal ions like Co(ll) [49-51], Ni(ll) [51, 52],
Cu(ll) [15d, 15e, 15g], Cd(I1) [15a], Fe(l1/111) [53-55], Zn(I1) [15h, 15i], Mn(Il) [5], with
their strong applications in science [56]. However, metallogels with Ni(ll)-ion have
important applications influorescence switching [57], electrocatalysis [58], non-linear
property [59], self-healing property [60], semiconducting device [52], catalysis [61],
magnetic [62] etc. In recent times, Dhibar et al. continuously reported different metallogel
mediated metal-semiconductor (MS) junction device for schottky barrier diode
application. Metallogel-based Schottky diodes are highly significant in various
applications for several reasons. First, metallogels offer tunable electronic properties that
can be customized by selecting specific metals and ligands during synthesis. This
tunability allows for precise control over the energy band structure and electronic
behavior of the Schottky diode, enabling the creation of tailored device characteristics.
Second, metallogels exhibit excellent stability, ensuring the long-term performance and
reliability of Schottky diodes. Their robust structure and resistance to degradation make
them suitable for deployment in diverse environments and applications. Third,
metallogels can be fabricated using a range of techniques, including solution processing,
self-assembly, and templating methods. This versatility in fabrication enables
compatibility with various substrates and facilitates scalable production, facilitating the
integration of metallogel-based Schottky diodes into different electronic devices.
Furthermore, metallogels can be easily integrated with other electronic components, such
as transistors and sensors, due to their compatibility with different materials and
fabrication techniques. This seamless integration allows for the development of

multifunctional devices and systems with enhanced performance and expanded
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functionality. Overall, metallogel-based Schottky diodes offer a unique combination of
tunable electronic properties, stability, versatile fabrication methods, tailored surface
properties, and compatibility with other electronic components. These characteristics
make them indispensable for a wide range of electronic applications, where precise
control over device properties and reliable performance are paramount. Following the
trend, here I have demonstrated the synthetic procedure of a room temperature stable
metallogel of Nickel(ll)-ion and 5-aminoisophthalic acid as a LMWG in DMF medium
(Fig. 5.1) for tunable, stable electronic device fabrication. The inversion vial test of
Ni(Il)-metallogel (i.e. Ni@5AIA) shows the stability of Ni@5AIA gel against the
gravitational force (Fig. 5.1). The mechanical property and morphological patterns had
been established. Targeting to achieve the capability of the metallogel based metal-
semiconductor (MS) junction device, | have succeeded to fabricate a Schottky barrier
diode (SD).

5.2. Experimental

5.2.1. Materials

Nickel(Il) acetate tetrahydrate (98%), 5-aminoisophthalic acid (94%) were purchased from
Sigma-Aldrich chemical company and used as received. Dry solvents (i.e. N, N-dimethyl
formamide (DMF) was used for entire work.

5.2.2. Apparatus and measurements

A SHIMADZU made UV-3101PC spectrophotometer to collect UV-vis absorption
spectral data.

Rheology experiment of the gel was done by an Anton Paar 100 rheometer with a cone
and plate geometry (CP 25-2). All the mechanical measurements were done fixing the gap
distance between the cone and the plate at 0.05 mm. The gels were scooped on the plate
of the rheometer. An oscillatory strain amplitude sweep experiment was performed at a
constant oscillation frequency of 1 Hz for the applied strain range 0.001-10 % at 20 °C.
Microstructural feature was analysed using a Carl Zeiss SUPRA 55VP FESEM FESEM
instrument. The ZEISS, EVO 18 apparatus was used to perform EDX elemental mapping studies.
A Shimadzu FTIR-8400S made FTIR spectrometer was used for IR study.
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A digital gel melting point measurement apparatus (Aplab MPA-01) was used to the Tge of the
Ni@5AIA metallogel.

Keithley 2401 sourcemeter interfaced with computer was used to perform the current-
voltage (I-V) characteristics of our synthesized metallogel material based thin film device.

5.2.3. Synthetic Procedure of Ni(II)-metallogel (Ni@5SAIA)

Greenish-yellow colour stable Ni(Il)-metallogel (Ni@5AIA) was synthesized by one shot
mixing of 1ml DMF solution of Nickel(ll) acetate tetrahydrate (0.248 g, 1 mmol) and 1ml
DMEF solution of 5-aminoisophthalic acid (0.362 g, 2 mmol) followed by the continuous
sonicated of the mixture for 10 minutes at room temperature (Fig. 5.1). The inversion vial
of Ni@5AIA metallogel proves its stability against the gravitational force (Fig. 5.1). The
minimum critical gelation concentration (MGC) of Ni@5AIA metallogel was recorded at
~610 mg mL™. The concentrations of Ni(CH3CO0),-4H,0 and 5-aminoisophthalic acid
were varied in a certain range (i.e. 30-610 mg mL™) to evaluate the MGC of Ni@5AIA
metallogel. Here, the ratio of the NiI@5AIA metallogel forming components was
maintained as [Ni(CH3COO),-4H,0]:[5-aminoisophthalic acid] = 1:2, (w/w). The
Greenish-yellow colour stable Ni@5AIA metallogel was obtained at 610 mg mL™
concentration of Ni(ll)-acetate salt and 5-aminoisophthalic acid in DMF solvent. The gel
melting temperature (Tge) of Ni@5AIA metallogel was recorded as 120°C + 2°C via a digital

melting-point measuring apparatus.

L E
(i) Mixing

(CH3C00):.4H20 + HoO OH >

(ImM in ImL DMF) (ii) Sonication (10 min)

NH,
(ZmM in ImL DMF)

Ni(II)-Metallogel (Ni@S5AIA)

Fig. 5.1: Synthetic procedure of gelation and photographic image of Ni(I)-metallogel
(Ni@5AIA).
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5.2.4. Stability of the Ni@SAIA metallogel in different pH media:

I conducted experiments to assess the stability of Ni@5AIA metallogel under varying pH
conditions, including acidic conditions using hydrochloric acid (HCI) solution and alkaline
conditions using potassium hydroxide (KOH) solution. In the acidic environment experiments, |
adjusted the gel's pH by adding HCI solution in the range of 6.21 to 2.37. Through these trials, |
noted a deterioration in the stability of the Ni@5AIA metallogel at a pH of 2.37. Similarly, in the
alkaline environment experiments, | tested the gel's stability with KOH solution at pH levels
from 6.21 to 13.20. My observations indicated a loss of stability in the gel at a pH of 13.20.

1 drop HCI
Solution

1 drop HCI
Solution

(pH =2.79) (pH =2.59) (pH=2.37)
5 drops HCl solution

Ni@5AIA
5 drops 0 {KOH Metallogel
Solution
(pH =6.21 at MGC = 610 mg mL-")

1 drop of KOH
Solution

1 drop of KOH
Solution

(pH =12.16) (pH =12.92) (pH =13.20)

Fig. 5.2: Stability studies of the Ni@5SAIA metallogel in different pH media.
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5.3. Results and discussions

5.3.1. Rheological Analysis

The mechanical properties of the Ni@5AIA metallogel were characterized through a rheometer
instrument of angular frequency and strain-sweep measurement. The higher values of storage
modulus (G") than loss modulus (G") approve the sample as gel material. Rheological
investigation proved that G’ of Ni@5AIA metallogel is noticeably higher than that of G”
maintaining at the definite concentration of Ni(CH3COO),-4H,0O and 5-aminoisophthalic acid
(i.e. MGC = 610 mg/mL) (Fig.5.3).

10° - M

10" 5

G.,G" (Pa)

10" 4y e —————r—rrrrT
10°

10’
Angular Frequency (rad/sec)

Fig. 5.3: Angular frequency measurements vs G’ and G" of Ni@SAIA metallogel.

The rheological data of Ni@5AIA shows that G">G" which establishes the gel nature with semi-
solid like performance. The average storage modulus of Ni@5AIA metallogel (i.e. G’> 10* Pa)
was detected to be significantly higher than the loss modulus (G") in favour of the considerable
endurance limit of Ni@5AIA metallogel (Fig. 5.3).

Fig. 5.4 depicts a strain-sweep experiment on Ni@5AIA metallogel material at a constant
frequency of 6.283 rad/sec. Results from the strain-sweep experiment show that the critical
strain, the lowest strain for gel breakdown of Ni@5AIA metallogel, occurs at a strain of 0.45%,
when G’ mixes with G” (Fig. 5.4).
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Fig. 5.4: Strain-sweep measurements of Ni@SAIA metallogel performed at a constant
frequency of 6.283 rad/sec.

5.3.2. Microstructural Study

The FESEM microstructural pattern of the Ni@5AIA reveal with flake like hierarchical
network (Fig. 5.5 (a,b)).

Fig. 5.5: (a, b) The FESEM microstructural pattern of Ni@5SAIA metallogel,
Chemical compositions by EDS are shown in (c-g).
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The FESEM structural arrangements of the Ni@5AIA metallogel were formed due to the
combination of Ni(OAc),-4H,O and 5-aminoisophthalic acid in DMF medium over
continuous sonication. EDX elemental mapping confirms the presence of C, N, O and Ni
elements of Ni(OAc),-4H,0, 5-aminoisophthalic acid and DMF molecules, accountable for

the Ni@5AIA metallogel networks formation (Fig. 5.5 (c-Q)).

5.3.3. FT-IR analysis of Ni@SAIA metallogel

The FT-IR spectral data of Ni@5AIA metallogel in xerogel form unveils the key peaks are
located at 3320-3150, 2940, 1650, 1370, 1108cm™, for OH stretching, —CH stretching, C=0
(carboxylic) stretching, —CHs, vs (COO), and additional peaks centered at 402 cm™ attributed to
Ni-O stretching vibrations (Fig. 5.6). FT-IR spectral data displays the supramolecular

interactions in Ni@5AIA metallogel among the metallogel forming chemical components.

110

100 ] Ni@SAIA Metallogel

90 4
80

704
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50 \/'
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Fig. 5.6: FT-IR spectra of the xerogel form of Ni@SAIA metallogel.

5.3.4. Fabrication of thin film Device

The Schottky device for the gel was made in a sandwich configuration with ITO/Ni@5AIA
metallogel/Al structure. Prior to device manufacturing, Soap Solution, Acetone, Ethanol, and

Distilled Water were used sequentially in an ultrasonic bath to clean and dry Indium Tin Oxide

(ITO) coated glass substrates (Fig. 5.7).
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+1v
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ITO Coated /\A

Glass substrate

Fig. 5.7: Schematic diagram of MS junction device based on Ni@SAIA metallogel.

5.3.5. Optical characterization

To measure the optical band gap | recorded the absorption spectra of this synthesized gel in the
wavelength region of 360 to 600 nm using a UV-Vis spectrophotometer and the recorded spectra
are shown in Fig. 5.8 (inset). The optical band gap was determined from the analysis of the

Tauc’s plot using the equation

ahv = A(hv - E,)" (5.1)
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Fig. 5.8: (ahy)’ versus hy curves of Ni@5AIA, UV—vis absorption spectra (inset) were
determined with the help of Tauc’s equation.

Where, a =Absorption coefficient, h =Planck’s constant, v =Frequency of light, A=Energy

dependent constant (which is taken as 1), E;=Band gap, n=electron transition process dependent
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const (for direct transition n=1/2). (ahv)? vs hv plot had been shown in Fig. 5.8 where, by
extrapolation of the linear part of the curve I can conclude that the material has a direct optical
band gap of 3.37 eV.

5.3.6. Electrical Characterization of Device

| investigated the electrical properties of my synthetic gel. To explore the charge transport
properties, | fabricated my synthesized gel-based thin film MS junction devices and measured
current density—voltage (J-V) data within a bias range of £1 V. The J-V characteristics of the
gel-based metal-semiconductor junction device are shown in Fig. 5.9. My synthetic gel-based
device has an approximate conductivity of 1.53x10™> S-m™%, similar to that of a semiconductor.
The measured J-V curve of the gel-based device shows that it has good rectifying properties,
establishing Schottky diode (SD) behavior. The rectification ratio (Jon/Josf) OF the gel-based SD
was determined as 34.77 based on the JV characteristic at 1 V.

To examine the J-V characteristics obtained in this case, | used the thermionic emission theory
and applied the technique proposed by Cheung to extract some key diode parameters [63]. The

following general equations are used to initiate the analysis of the J-V curve [63, 64]:
— qVv
I =Jo [exp (i5) = 1] (5.2)
Jo=Saturation Current Density=A*T?exp (— %) (5.3)

Each parameter has its conventional interpretation [mentioned in section [1.14]. | also calculated
the series resistance, ideality factor and potential barrier height using equations 5.4 and 5.5 [64,
65],

av__ nKT
rn]—A]RS+ . (5.4)

HO) =V -""In(Zz) =AJRs + 105 (55)
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Fig. 5.9: Current Density-Voltage (J-V) graph of artificial gel under dark condition. The
insets show respective J vs. V plots (in log scale).

For complex-based devices, the ideality factor () was calculated from the intercept of the
dVv/d(In J) vs. J plot, while the barrier height was calculated from the intercept of the H vs. J plot
(Fig. 5.10). The calculated ideality factor value shows that the MS junction is not behaving
ideally. This departure from the ideal value may be primarily due to barrier height, presence of
series resistance and inhomogeneity of MS junction interface conditions [66]. The series
resistance (Rs) has been determined using the slope of the H vs. J and the dV/d(In J) vs. J plots
(Fig. 5.10). Table 5.1 provides an overview of the estimated barrier potential height (¢g), series
resistance (Rs), and ideality factor (1) for the synthesised complex-based SD. The results shown
in the table make it clear that both approaches (egs 5.4 and 5.5) employing Cheung's functions
produce results that are very similar. The synthesized complex can play an important role in the
development of metallogel-based semiconductor devices, according to all measured parameters.

| have compared the parameters of my fabricated semiconductor device with other reported
various semiconductor devices and presented in Table 5.2. From the Table 5.2 it is clear that my
synthesized Ni(Il)-Metallogel has greater electrical conductivity than other materials reported.
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Fig. 5.10: Under dark conditions, dV/dInJ vs. J and H (J) vs. J curves in double y axis.

Table 5.1: Electrical parameters of Gel based SD.

Rectification | Conductivity | Series Resistance () | Ideality | Barrier

Ratio (S/m) from factor Height
dV/dindvs. |Hvs.J | () ¢ (eV)
J curve curve

34.77 1.53x10” 417K 3.99K |[3.18 0.68

Table 5.2: Comparison table of electrical parameters of Ni(II)-Metallogel based device with

other reported results

Device Rectification | Conductivity | Ideality | Barrier | Series Resistance Ref
Based on Ratio (Sm'l) Factor | Height Rs (Ohm)
) (®v)  [dv/dinJ | HQ) vs.
V) |vs.J J
Ni(ID)- 34.77 1.53x10™ 3.18 0.68 4170 3990 This
Metallogel work
Cd-CADS 19.51 1.49x10° 0.61 0.62 2372 2220 67
Cd-N,H4 23.53 2.04x10° 3.01 0.47 6730 6640 67
CyoH34Cu, 8.46 2.02x10° 2.78 0.47 81.7 84.3 68
NsO1s
C,0H13CuN 8.49 2.34x10° 2.08 0.44 50150 53170 68
2010
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Zn@TA 37.06 7.77x10° 3.78 0.47 | 3751.26 | 3587.73 | 69
Ni-SA 21.54 11.16x10° 1.79 0.66 1700 1880 70
Zn-SA 20.83 6.72x10° 2.53 0.70 2890 3000 70
Cd-SA 20.11 4.02x10°® 2.61 0.73 4110 4170 70
Ni-SB 1.64 2.62x10° 3.00 0.74 18900 18830 71
Zn-SB 14.63 1.18x10°® 3.93 0.75 37340 3930 71

Fe- 42.19 4.53x10° 2.92 0.78 14080 13420 72
metallogel
[(NiLB),(S - 5.29x10° 1.22 0.70 4025 3016 73
CN)zMn]

5.4. Conclusions

Briefly, a novel supramolecular Ni(Il)-metallogel based on 5-aminoisophthalic acid gelator was
prepared by immediate mixing of nickel acetate and 5-aminoisophthalic acid in DMF followed
by sonication at room temperature. Various non-covalent interactions contribute to the formation
of stable Ni@5AIA metallogels at room temperature. FESEM microstructural analyzes of the
Ni@5AIA metallogel explored the flake like hierarchical architecture of the hydrogel. The
mechanical stability of the Ni@5AIA metallogel material was verified by rheological tests.
Optical band-gap measurements of our synthesized NiI@5AIA metallogel suggest the
semiconducting nature of the metallogel. In addition, | fabricated a metal-semiconductor junction
thin film device using Au metal and semiconducting Ni@5AIA metallogel. The nonlinear charge
transport of the device obtained from the I-V characteristic graph confirmed the fabrication of a
Schottky diode. Thus, the present study of sandwich-like configuration of ITO/Ni@5AIA
metallogel/Au suggests the future possibility of achieving supramolecular Ni?* metallogel based
electronic devices for advanced technology. Indeed, the work on Ni@5AIA metallogel based on
5-aminoisophthalic acid and nickel(Il) source indicates a pioneering method and metallogel for

the fabrication of semiconducting devices.
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6.1. Introduction

he growing need for electricity prompts the exploration of cost-effective renewable
energy sources. Solar photovoltaic technology emerges as a crucial renewable resource
due to its abundance, cost-effectiveness, and higher efficiency. Although various solar
cell technologies are globally adopted, many are not feasible for large-scale production due to
budget constraints. This thesis aims to develop cost-effective solar cells with industrial potential.

A selective emitter refers to an emitter selectively doped rather than uniformly doped. Selective
emitter solar cells are introduced to simultaneously address surface recombination velocity and
contact resistance, aiming to minimize both. The lightly doped emitter region, where light-
generated carriers are collected, reduces recombination velocity, thus increasing both Vy & I
Meanwhile, the heavily doped emitter region beneath the metal contact reduces contact
resistance, improving the fill factor. Selective emitter structures are widely employed due to their
high optical absorption, enhancing overall solar cell efficiency. While conventional techniques
for forming selective emitters exist, this thesis elaborates on newly adopted methods. The

significance of selective emitters in solar cell technologies is discussed in detail.

6.2. Energy Scenario

The global demand for energy is steadily increasing each year. Projections suggest that total
energy consumption on Earth will rise by 0.7% to 1.4% annually from 2008 to 2035, contingent
upon the selected energy projection [1]. This surge is primarily driven by the rapid growth of the
world population and economic conditions, necessitating the production of sustainable energy
sources. Till now, fossil fuels such as oil (40%), coal (33%), and natural gas (27%) have been the
main sources of energy production [2]. However, due to resource limitations and environmental
concerns, this reliance on fossil fuels is unsustainable in the long run [3]. This situation has

spurred efforts to explore alternative energy sources.

Renewable energy sources, including nuclear, wind, geothermal, and solar power, offer low-
carbon alternatives with unlimited and pollution-free resources. Solar energy, in particular,
stands out as a highly promising solution to our energy needs due to its abundance, cost-

effectiveness, and higher efficiency [4]. Unlike wind power, which relies on specific wind
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conditions, solar power is universally accessible, making it a viable option for energy generation
worldwide [5].

6.3. Utilization of Solar Energy

Solar energy conversion is broadly categorized into two technologies: solar thermal and
photovoltaic (PV). In solar thermal systems, sunlight is utilized to generate heat for household
purposes or to be converted into electricity within extensive concentrated solar power facilities.
On the other hand, PV technology directly converts sunlight into DC electricity. This concept
was initially observed by French physicist Edmond Becquerel in 1839 [6]. The absorption of
photons and subsequent generation of charge carriers within the semiconductor material depend
on the energy of the incident photons and the material's band gap. Typically, semiconductors
possess band gap values within the visible or near-infrared range of the solar spectrum [7],
making them ideal for solar energy conversion [8]. In the presence of an electric field, typically
created by a p-n junction formed through doping of semiconductor materials, photo-generated
charge carriers are separated and extracted from the device, resulting in the conversion of
sunlight into DC electricity. PV devices have gained popularity due to their versatility,
scalability, independence from large infrastructure, and decentralized nature, making them
suitable for various applications and off-grid locations. Consequently, the global market share of

PV in the energy sector has experienced significant growth in recent years.

6.4. A Brief History of Solar Cell

His experiment involved submerging platinum or silver electrodes covered with a light-
responsive material such as AgCl or AgBr into an acidic solution, then subjecting them to
different types of light (sunlight, blue, or ultraviolet). This setup allowed for the demonstration
of electricity generation through the photovoltaic effect. Forty years later, William Adams and
Richard Day improved upon this work by discovering that selenium, when brought into contact
with heated platinum contacts, could produce an electric current [9]. In 1894, Charles Fritts
produced the first large-area solar cell, consisting of a layer of selenium sandwiched between
gold and another metal, a design that now bears his name [10]. In 1914, Goldman and Brodsky
proposed the existence of a potential barrier to current flow at the interface of the semiconductor

metal, which is now known as a rectifying action [11]. Throughout the 1930s, Walter Schottky



161 | Chapter 6

and others developed the theory of metal semiconductor barrier layers, now known as Schottky
barriers. The modern era of photovoltaic began in 1948 with Teal and Little adapting the
Czochralski process [12, 13] to obtain crystalline wafers of germanium or silicon [14].

In 1954, Chapin, Fuller, and Pearson of Bell Laboratories produced the first p-n homojunction
silicon-based solar cell, boasting an efficiency of 6%, a significant improvement over previous
attempts [15]. That same year, Reynolds and colleagues introduced the initial heterojunction
photovoltaic device utilizing cadmium sulfide (CdS) [16], also achieving 6% efficiency. Despite
this, silicon remained the primary material for photovoltaic devices.
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Fig. 6.1: Improvements in the efficiency of different categories of solar cells over time.
(Adapted from Ref. 21)

Efforts to improve solar cell efficiency continued, with Shockley and Queisser reporting a
theoretical efficiency of 30% for a solar cell with a band gap of 1.1 eV in 1961 [17]. In 1970,

Zhores Ivanovich Alferov and his team developed the first highly effective heterostructure solar
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cell made of GaAs for space applications [18], a significant milestone in solar cell technology.
Solar cells have since found extensive use in power satellites and telecommunication systems.
Alferov received the Nobel Prize in Physics in 2000 for his contributions to this area [19]. In
1985, the Green team at the University of New South Wales (UNSW) reported a breakthrough in
solar cell efficiency, achieving over 20% conversion efficiency on a silicon wafer [20]. The
efficiency of various types of PV cells has continued to increase over the years (Fig. 6.1).

By the 2000s, solar cell technologies had greatly improved, with many becoming commercially
available, leading to a cumulative worldwide installation capacity of 40 GW by 2010 [22].
Despite global economic challenges, research and industrial efforts have persisted in enhancing

solar cell performance while reducing costs.

6.5. Solar Cell: Basics

Solar cells operate on the concept of the phenomenon of photovoltaic, which involves the
creation of an electric potential where two distinct materials meet upon exposure to
electromagnetic radiation. This phenomenon is intricately linked to the photoelectric
phenomenon, where electrons are discharged from a substance upon capturing photon energy
surpassing a specific threshold frequency inherent to the material. Albert Einstein comprehended
in 1905 that this occurrence could be elucidated by considering light as composed of discrete
energy packets known as photons. The photovoltaic effect encompasses three fundamental

stages:

6.5.1 Creation of Charge Carriers through Photon Absorption in Junction-

Forming Materials

When a photon is absorbed within a material, its energy is utilized to elevate an electron to a
higher energy level (Ef) from its initial energy level (E;) (as depicted in Fig. 6.2). The absorption
of photons occurs only when the energy levels of the electron (Ejand Ef) match the energy of the
photon, described by the equation hv = E¢— E;. In a perfect semiconductor, electrons have the
potential to occupy energy levels situated beneath the valence band edge (Ev) and beyond the
conduction band edge (Ec). The region between these bands doesn't contain permissible energy

states for electron occupancy, defining what's known as the band gap (Eq = Ec — Ev). If a photon
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carrying an energy level lower than Eq interacts with an ideal semiconductor, it will pass through
without being absorbed.

generation of

an electron-hole pair

Fig. 6.2: illustrates the absorption of a photon by a semiconductor with a band gap E,.
When the photon, with energy Epn = hv, interacts with the semiconductor, it prompts the
electron’s transition from the initial energy state (E;) to the final energy state (Es), creating
a hole at the initial energy state (E;).
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Fig. 6.3: A basic solar cell model: (1) When a photon is absorbed, it produces an electron-
hole pair. (2) Typically, these electrons and holes recombine. (3) However, with semi-
permeable membranes, the electrons and holes can be isolated. (4) The isolated electrons
can power an electric circuit. (5) Once the electrons complete the circuit, they recombine
with holes.
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When an electron transitions from E;to Ef, an empty space is formed at E;, known as a hole,
which behaves as a particle carrying a positive elementary charge. Photon absorption results in
the formation of an electron-hole pair within the semiconductor material, converting the photon's
radiative energy into the chemical energy of the pair, as depicted in Fig. 6.3(1). The highest
possible efficiency of converting radiant energy into chemical energy is constrained by the laws
of thermodynamics, ranging from 67% for non-concentrated sunlight to 86% for fully
concentrated sunlight [23].

6.5.2. Sequential Segregation of the Photo-Induced Charge Carriers within

the Junction

Typically, the pair of electrons and holes tends to recombine, where the electron returns to its
starting energy level, E;, depicted in Fig. 6.3(2). Subsequently, the energy is discharged either as
a light particle through transferring its energy to other electrons or radiative recombination,

holes, or lattice vibrations through nonradiative processes.

To harness the energy contained within the electron-hole pair for external work in a circuit, semi-
permeable or selective-permeable membranes are necessary on both sides of the absorber. These
membranes ensure that electrons can only exit across one side and holes through the other, as

shown in Fig. 6.3(3), typically composed of n- and p-type materials in solar cells.

The design of a solar cell must facilitate the timely arrival of electrons and holes at the
membranes before they undergo recombination, entails that the period for charge carriers to
reach the membranes needs to be briefer than their lifespan. This necessity imposes a limitation

on the absorber's thickness.

6.5.3. Gathering the Photo-generated Charge Carriers at the Terminals of the
Junction

In the end, electrical contacts are utilized to draw out the charge carriers from the solar cells,
enabling them to perform work in an external circuit, as depicted in Fig. 6.3(4). The chemical
energy stored in the pairs of electron & hole is then transformed into electrical energy.
Subsequently, once the electrons traverse across the circuit, they reunite with holes at the

interface of a metal absorber, as shown in Figure 6.3(4).
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6.6. Crystalline Silicon Solar Cell: PV market overview

Approximately 95% of the photovoltaic (PV) market remains dominated by crystalline silicon (c-
Si) solar cells [24]. This prevalence can be attributed to several factors: its widespread
availability, resistance to high temperatures, extended lifetime for minority carriers with
significant diffusion lengths, resistance to aging, cost-effectiveness, and lack of toxicity [25].
The crystallographic unit cell of c-Si, depicted in Fig. 6.4(A), exhibits a diamond cubic structure,
wherein each silicon atom forms four bonds with others. C-Si functions as an indirect
semiconductor possesing a band gap of 1.12 eV. Crystalline silicon-based PV systems command
such a substantial market share due to the fusion of advanced production methods, achieving
module efficiencies exceeding 15%, utilization of readily available manufacturing equipment,
and processing with minimal capital investment. The origins of c-Si solar cells trace back to
1954 when Bell Laboratories unveiled the first iteration with 6% conversion efficiency [26].
Subsequent research endeavors have focused on enhancing efficiency, culminating in

contemporary c-Si solar cells achieving efficiencies of up to 25.0% [27].
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Fig. 6.4: The three-dimensional arrangement of crystalline silicon (a) and its two-
dimensional depiction (b) with boron and phosphorus doping substituted at lattice sites
(Adapted from Ref. 11)
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6.7. Selective Emitter Solar cell: efficient Solar cell design

The quality of the front contact, particularly with a selective emitter, is notably better compared
to cells featuring uniformly doped emitters. The sheet resistance is a critical factor affecting the
efficiency of crystalline silicon (C-Si) solar cells as it influences surface recombination velocity.
While a uniform doping method can lower the contact resistance at the metal-semiconductor
interface, it tends to increase surface recombination velocity, thereby reducing cell performance.
Employing a lightly doped emitter results in higher sheet resistance and lower surface
recombination rate, leading to improved internal quantum efficiency, especially in the short
wavelength range. Conversely, heavily doped emitters offer lower contact resistance but
decrease carrier lifetime due to heightened Auger recombination and Shockley-Read-Hall
recombination. To address the challenge of balancing recombination and contact resistance,
selective emitter solar cells have been developed. These cells feature a lightly doped emitter in
the region where light-generated carriers are collected to reduce recombination velocity, while
the region below the contact is heavily doped to minimize contact resistance.

Efficient crystalline silicon solar cells necessitate an effective emitter design that minimizes both
contact resistance and surface recombination velocity. This entails designing an emitter capable
of efficiently gathering light-generated carriers while minimizing surface recombination and
establishing good metal contacts with low resistance. Achieving these dual objectives is
unattainable with a uniformly doped i.e. homogeneous emitter (Fig. 6.5(a)). Hence, the adoption
of a selective emitter (Fig. 6.5(b)) structure becomes crucial due to its superior blue response in
the short wavelength spectrum, leading to enhanced conversion of light into electricity in that
range. This structure resolves the inherent trade-off between surface recombination velocity and
contact resistance. The illuminated emitter surface, where light is absorbed and carriers are
generated, features light doping to reduce surface recombination velocity, thereby boosting both
short circuit current density (Jsc) and open circuit voltage (Vo). Conversely, the non-illuminated
emitter surface beneath the metal finger contact is heavily doped to mitigate contact resistance,

thereby enhancing the fill factor [28].
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p-type Crystalline Silicon N-type ¢-Si
wafer

Fig. 6.5: Schematic diagram of (a) Homogeneous emitter, (b) Selective emitter

In the selective emitter formation process, | opted for n-type silicon wafer due to several reasons:

a) N-type silicon offers a higher minority carrier lifetime compared to p-type silicon [29].

b) N-type silicon does not experience light-induced degradation (LID) because it lacks Boron
[29, 30].

c) Both theoretical and experimental findings suggest that n-type silicon has fewer
recombination-active defects [31].

d) N-type silicon exhibits greater tolerance to high-temperature processing compared to p-type
silicon [29].

e) N-type silicon is less sensitive to transition metal impurities like iron (Fe), resulting in a

higher tolerance for variations in the feedstock [30, 32].

6.8. Fabrication of selective emitter using different techniques

A notable advancement in research on selective emitters provides a compelling rationale to
undertake a review and explore the evolution of the growth mechanism over time and its
practical application in solar cells. In 1997, U. Besu-Vetrella et al. produced solar cells made of
silicon with selective emitters and a large surface area. They initially created a lightly doped
uniform emitter through rapid thermal diffusion originating from a Phosphorous-doped Spin-On
Glass (SOG) film. Laser over-doping was then performed utilizing a Q-switched, Frequency
doubled Nd-YAG laser to achieve the selective emitter [33]. In the same year, J. Horzel et al.

introduced a technique to create selective emitters in a single diffusion process without the need
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for masking or etching. They selectively applied a phosphorous-containing doping source to the
front side of a p-type crystalline Si substrate in paste form, which was then processed in a
conveyor belt furnace. This resulted in two simultaneous diffusion processes at different rates,
leading to deeply diffused regions under the printed doping source and adjacent regions with
shallower doping due to indirect diffusion of phosphorous atoms through the gas ambient [34].

In 2003, A. Mouhoub et al. presented two primary methods for realizing multicrystalline silicon
selective emitters: homogeneous diffusion of a heavily doped emitter followed by chemical
etching, and deposition of a doping source via screen printing followed by annealing in a belt
furnace. The doping paste was selectively applied to the front side of the wafer, resulting in
deeply diffused regions under the printed doping source and diffusion of doping atoms into
adjacent regions via the gas atmosphere [35].

In 2008, A. Dastgheib-Shirazi et al. proposed a wet chemical approach for fabrication of
selective emitters on monocrystalline and multicrystalline silicon solar cells using a single-side
diffusion process. Initially, emitter diffusion was performed using POCI3, followed by
homogenous etching-back in an acidic etch bath and deposition of a silicon nitride anti-reflection
layer on the front side using Plasma-Enhanced Chemical Vapor Deposition (PECVD). Contacts

were then screen printed, sintered, and edge isolated [36].

In 2010, T. C. Ro™ der et al. suggested add-on laser tailored selective emitter solar cells, where an
n-type phosphorus-doped emitter and phosphosilicate glass (PSG) layer were created on the
wafer surface through conventional furnace diffusion using POCI3. Subsequently, laser pulses
were used to locally melt the wafer surface, allowing for re-crystallization and epitaxial
formation of a highly phosphorus-doped n-type selective emitter without the inclusion of
dislocations or grain boundaries. Subsequently, the PSG layer is removed using HF, and a SiNx
ARC is deposited on the top of the cell utilizing PECVD. Screen printing, firing of both front
and rear contacts, and laser edge isolation are then carried out to complete the fabrication of the
solar cell [37]. In the same year, Homer Antoniadis and colleagues introduced a novel approach
to silicon nanoparticle ink selective emitter solar cells. Their method involved a sequence of
steps: initial screen-printing to apply silicon ink for forming heavily doped regions, followed by

a drying phase to eliminate organic solvents and enhance the density of the silicon ink film.
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Subsequently, n-type diffusion was conducted, followed by the removal of PSG. The process
concluded with contact co-firing and laser edge isolation [38].

In 2012, Ulrich Jager and co-authors demonstrated the advantages of selective emitters produced
through laser doping from PSG for p-type silicon solar cells with passivated surfaces. Following
an alkaline texturization step, a diffusion barrier was applied to the rear side of the cell using
PECVD. The wafers underwent thermal tube furnace diffusion in a POCI3 atmosphere, with a
thin thermal oxide passivating both front and rear surfaces. A silicon nitride SiNx anti-reflective
coating was applied to the front side, while a dielectric layer deposited by PECVD capped the
rear passivation layer to enhance passivation quality and internal reflectivity. Metallization was
achieved through screen printing, and localized contacts at the back surface were established
using the laser-fired contacts (LFC) method [39].

In 2013, Yen-Po Chen and collaborators proposed a different approach involving single-
crystalline silicon selective emitter solar cells, created through a chemical etching method. This
technique began with the formation of shallow trenches, corresponding to the metal contact
areas, achieved through screen printing of a mask and chemical etching. Heavy doping was then
applied across the entire front surface of the silicon wafer in a high-temperature diffusion
furnace. An acid-resistant polymer mask was screen-printed and aligned to cover the shallow
trenches, followed by an etch-back process utilizing acid etching to create a selective emitter
structure. Notably, this method required two screen printing steps for achieving the selective
emitter structure and differed from other etch-back methods in two key aspects: firstly, the
creation of shallow trenches followed by heavy doping, as opposed to doping preceding the etch-
back in alternative methods; secondly, the presence of shallow grooves with a depth of several
micrometers or greater for metal contacts within this selective emitter design, contrasting with

methods not involving trench formation [40].

In 2014, Prabir Kanti Basu and colleagues introduced a method for creating selective emitters in
p-type monocrystalline silicon wafer solar cells using a non-acidic etch-back process. The
procedure included inline phosphorus diffusion (resulting in a sheet resistance of approximately

40€¥5q), removal of the rear junction using HF-HNO3-H,SO,, and KOH solutions, application of
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an etch mask on the emitter side via screen printing, PSG removal, etch back to achieve a sheet
resistance of around 100€X5q, and subsequent removal of the etch mask. This process combined
emitter etch-back and etch-mask dissolution into a single procedure, diminishing the total count
of processing stages in contrast to etch-back-dependent selective emitter methods [41]. A method
called "laser-assisted doping” was utilized by A. Djelloul et. al. in the same year to create a
selective emitter on multicrystalline silicon (mc-Si). They formed homogeneous and lightly
doped POCI; emitters through thermal diffusion, removing the PSG layer immediately with an
HF dip. Silicon nitride (SiNx) ARC was then deposited via PECVD. During the laser doping
process, the highly doped n™* regions of the selective emitter were aligned based on the grid of
front-side metallization. The naturally formed phosphorus-rich dead layer, resulting from the
diffusion process, served as the phosphorus source for the n** region. Front and back contacts
were screen-printed and subjected to co-firing in a belt furnace, after which laser edge isolation
was performed [42].

In 2015, a double textured selective emitter (DTSE) solar cell was fabricated by C. Kim et al.
using a silicon wafer. The 40x40 mm? silicon substrates underwent texturing to create a surface
with pyramid-shaped features, while nanowires were generated through a metal-assisted
chemical etching process utilizing silver nanoparticles. All surface modifications involving
micro and nanostructures were carried out using wet-based methods. The heavily doped and
shallow emitters required for selective emitter solar cells were created via POCI3 diffusion and a
subsequent chemical etch-back process. Front and rear electrodes were prepared using a

conventional screen printing technique [43].

In 2016, R. S. Davidsen et al. describe the production of nanostructured silicon solar cells with a
laser-doped selective emitter (LDSE). These nanostructured cells were achieved using a one-
step, mask-free, scalable reactive ion etch (RIE) process to texture the surface. The selective
emitter was created by laser doping using a continuous wave (CW) laser, followed by contact

formation through light-induced plating of nickel and copper [44].

In 2017, Y. Tao presented the creation of a selective boron emitter (p*/p™™) using a process
involving screen-printed resist masking and wet chemical etching. Initially, a porous silicon layer
was grown and then removed using this method. Different wet-chemical solutions for producing

the porous silicon layer were explored. Following the etch-back procedure, the boron emitter
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underwent thermal oxidation to reduce the surface concentration and the emitter saturation
current density Joe. Various etched-back emitters were assessed by measuring Joe On Symmetric
test structures with passivation by atomic layer deposited aluminum oxide (Al,O3) [45]. In that
year, S. Wang proposed a novel approach to laser doping combined with grooving, creating
narrow grooves with heavily doped walls in a single step, followed by the formation of self-
aligned metal contacts through plating. This method combines the advantages of both buried
contact solar cells (BCSC) and laser-doped selective emitter cells [46].

In the year 2018, W. Wu stated that implementing a laser-doped selective emitter can enhance
the balance between recombination in the emitter and the specific contact resistance of Ag-Si.
Additionally, Wu noted that incorporating a double-screen-printed rear aluminum grid can
reduce the series resistance in industrial bifacial passivated emitter and rear cells (PERC) [47]. In
that same year, S. Simayi introduced the advancement of an n-type bifacial solar cell featuring a
boron selective emitter (p+/p++). The cells were crafted through a standard fabrication process
involving tube-furnace thermal diffusion utilizing liquid sources: BBr3 for the front-side boron
emitter and POCI3 for the rear-side phosphorus back-surface field (BSF). The p+/p++
configuration was achieved via screen-printed resist masking and wet chemical etching
technology. Both the front and rear electrodes were created using screen-printed contacts
featuring H-patterns. While the cell efficiency with the selective boron emitter closely matched
that with the homogeneous emitter, the selective emitter solar cell exhibited a 4.4 mV higher Voc
compared to the homogeneous emitter solar cell. Finally, a recombination analysis of the

completed cell was conducted [48].
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Chapter 7

Novel Technique for Fabrication of n-type Crystalline
Silicon Selective Emitter for Solar Cell Processing
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Abstract

A new way of realizing crystalline silicon selective emitter by simultaneous formation of front
side selective emitter as well as rear back surface field (BSF) layer in rear side diffusion step has
been presented in this work. In this chapter, |1 have demonstrated a novel technique to achieve a
selective emitter having a highly diffused region with lower sheet resistance around 30-32 Q/sq
along with peak doping concentration 7.34x10* atoms/cm®, junction depth around 0.97 um and
lightly diffused region with higher sheet resistance around 78-80 Q/sq along with peak doping
concentration 4.57x10'° atoms/cm®, junction depth around 0.64 pm. These results show that
selective emitter has been formed in single diffusion process without any extra heat treatment and

chemical etching process, thus this process becomes cost effective.
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7.1. Introduction

igh efficiency crystalline silicon solar cells require a good emitter design where
contact resistance and surface recombination velocity both will be minimum i.e.
emitter design should be able to collect all light generated carriers with less surface
recombination and good metal contacts with low contact resistance. Fulfilling these two

requirements at the same time is not possible in homogeneous doping emitter.

Selective emitter structure is of great importance because of its better blue response in short
wavelength region and thus enhanced light-to electricity conversion in that region. It solves the
problem of trade-off between surface recombination velocity and contact resistance. The
illuminated emitter surface where light falls and carriers generated are collected is lightly doped
to reduce the surface recombination velocity which leads to increase in both open circuit voltage
(Voc) & short circuit current density (Js), and the non-illuminated emitter surface beneath the
metal finger contact is highly doped to decrease the contact resistance, which improves the fill
factor [1].

Many selective emitter solar cell fabrication processes involve double diffusion steps; however
the major difficulty associated with this process is the alignment-accuracy of the front side metal
grid with the highly doped emitter surface at the time of contact formation. The double diffusion
technique with photolithography is used to form high efficiency solar cells but this is very costly
method [2, 3].

Industrial selective emitter solar cell can be formed by the coating of phosphorus containing
metal paste by screen printing in the selected portion of the emitter of a p-type crystalline silicon
substrate. This process is well-matched with common mass production technique where silver
paste is used to form the front contact by screen printing. This phosphorus contained metal paste
worked as a source of direct diffusion by which the coated layer covered region becomes heavily
doped, and gas-phase out diffusion by which other region becomes lightly doped into the
substrate. This forms the highly doped area and the lightly doped area at the same time. But to

obtain target doping, concentration management is necessary for uniform diffusion [4-6].

Innovalight had formed selective emitter using doped silicon ink and it had proved its viability in
mass production [7].
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Another industrial approach to form selective emitter is light diffusion of phosphorus in the full
front surface of a p-type substrate followed by anti-reflection coating (ARC) and then screen
printing of phosphorus contained silver paste to form the front contacts. At the time of firing,
phosphorus diffuses into the front surface and form heavily doped region below the contact. But
in the presence of phosphorus silver would diffuse faster into the substrate which produces an

adverse effect on leakage current [8, 9].

There are another process to form selective emitter in laboratory is etch back method. Advantage
of this process is it needs one diffusion process but difficulty of this process is uncontrolled
etching process. At first the total front area of the p-type textured wafer will be heavily doped
[10-14] followed by masking of selective region (where to form highly doped region i.e. below

the metal contact) while the rest of the front surface is etched to form lightly doped region.

One more process to form selective emitter in single diffusion process is to cover the front
surface of a substrate before diffusion with a selectively patterned masking layer of silicon
dioxide (SiOy)/silicon nitride (SiNy) through Plasma Enhanced Chemical Vapour Deposition
(PECVD) [15-18] followed by a high temperature diffusion process for the formation of highly
doped area and lightly doped area simultaneously. Heavily doped region is formed by direct
diffusion whereas lightly doped region is formed by gaseous out-diffusion. The disadvantage of

this method is the requirement of costly equipment PECVD to form the coating used as mask.

In laser doped selective emitter (LDSE) technique metal contact is formed via a self aligned
mechanism for plating and that plated metal contacts require a separate interconnection method,
which is not conventionally used in the commercial purpose [19-23]. There are another new
selective emitter formation process by laser over-doping treatment. After diffusion the surface is
treated by laser where the grid structure will be formed and then the metal contacts will be
deposited [24].

Because of enhanced n* contacting pastes for n* emitter of p-type solar cells, selective emitter
formation and research on tooling of its different parameter has become obsolete. On the other

hand, for n-type solar cells this is still a challenge [25-27].

In this study, it has been shown that it is possible to form a crystalline silicon selective emitter
with n-type silicon wafer as base material by a patterned selective masking of the homogenously
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doped p* emitter with a screen printable resist before the removal of boro silicate glass(BSG)
layer. Then after the complete removal of the selectively open BSG layer and the deposited
patterned mask, rear side n* diffusion is done to form the rear side BSF as well as front side
selective emitter in which highly doped regions (HDR) and lightly doped regions (LDR) has
been formed simultaneously by the heat treatment at the time of high temperature diffusion. No
additional heat treatment is required, this provides a cost reduction. For further fabrication of n-
type crystalline silicon selective emitter solar cell highly boron doped regions must be as narrow
as possible because it delivers high surface recombination losses, which should be located below
metal contact. So the print of acid resistant ink paste used as mask for formation of selective
emitter and print of metallic contact finger should be performed with same patterned screen with
proper alignment of screen printing equipment. Also between the metallic fingers where light
will be illuminated and generated carriers will be collected, lightly doped emitter is required
which should be passivated properly with some thin oxide layer to keep the surface

recombination losses as low as possible and to obtain a high open circuit voltage (Vo).

The process is applicable for both n-type and p-type crystalline silicon selective emitter solar
cell. But here | choose n-type silicon material because of high minority carrier lifetime and no
light induced degradation due to absence of boron [28]. This chapter focuses on the utilization of
diamond wire saw (DWS) c-Si wafers, which are readily available on an industrial production
scale. These wafers have garnered significant interest from the solar cell technology sector
because of their minimal kerf loss, efficient throughput, and cost-effectiveness compared to SWS

technology.

Another key issue for Photo-Voltaic world is “COST”. The major bottleneck is to form a high
efficiency crystalline silicon solar cell within a low cost. This process in our work needs single
diffusion and no additional heat treatment process is required, so it is cost effective also.

7.2. Experimental details

For selective emitter formation n-type diamond cut crystalline silicon <100> oriented 76 x 76
mm? wafer with resistivity of 2-5 Q-cm were used as substrate. This wafer had thickness of
approximately 200 um. The main steps for fabricating the selective emitter for solar cell

processing in my presented method is depicted by means of a flow chart in Fig. 7.1.
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n-type <100> oriented c-Si wafer with resistivity

2-5 Q-cm and thickness 200 pm
0

Standard RCA cleaning & saw damage

removal with NaOH solution
1T

Surface texturization of with KOH/IPA solution
JL

Homogeneous boron diffusion in front side with back-to-back
configuration for formation of front p+ emitter
Ay
Selective patterned masking with HF resistant paste with test

pattern for formation of selective emitter
O

Selective removal of BSG layer in the

unmasked region with HF treatment
0

Removal of mask with NaOCI solution
1T

Homogeneous phosphorous diffusion in rear side with
back to back configuration for simultaneous formation of
rear side n+ BSF layer and front side selective emitter at

high diffusion temperature via the gaseous atmosphere

1T
Immersed into HF for complete removal of rear side PSG

layer and front side remaining BSG layer
1T

p**/p* doping profile on the front side i.e selective emitter
is formed for further solar cell processing

Fig. 7.1: Processing step for fabricating the n-type c-Si selective emitter

At first the samples were cleaned by standard RCA cleaning process and then immersed in 10%
NaOH solution at 80°C for 3 minutes to remove the saw damage. After that to decrease the
optical losses texturisation process of the surface of the wafer was performed. In my work, a 2%
KOH-6.5% IPA-0.033% NaOCI solution at 85°C was used for texturing the c-Si substrates. It

takes 45 minutes to texturise the surface of the wafer. Then homogeneous boron diffusion was
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performed in front side of the wafer by back-to-back configuration to form moderately doped p*

emitter.

This thermal diffusion is formed in open tube diffusion furnace using liquid Boron tribromide
(BBr3) source kept at 20°C. The diffusion is carried out at temperature 940°C for 50 min pre-
deposition followed by 40 min drive-in and finally low temperature oxidation for 10 min. This
was followed by selective patterned masking of the emitter applying a screen printable HF
resistant paste before the removal of BSG layer. In the subsequent HF (10%) treatment the BSG
layer can be selectively removed. The mask covered area was protected against the HF, while the
remaining area was BSG layer free. After the selective removal of BSG layer the acid resistant
mask was removed by dipping the wafer in sodium hypochlorite (NaOCI) solution. After the
complete removal of mask phosphorus diffusion is performed in rear side with back—to-back
configuration in batch process for formation of rear n* BSF layer. This rear side diffusion is
performed by liquid Phosphorus oxychloride (POCI3) source (also kept at 20°C) again in open
tube diffusion furnace at temperature 950°C for 20 min pre-deposition followed by 10 min drive-
in and finally low temperature oxidation for 7 min. During this process front side selective
emitter is also formed at high diffusion temperature via the gaseous atmosphere. In that high
temperature process deeply diffused regions p** (which was under the deposited mask, and where
the BSG was not removed) was formed having a lower sheet resistance and in the adjacent
regions a lightly doped region were formed having higher sheet resistance. Thus no additional
heat treatment is required for formation of selective emitter. Next the complete removal of rear
side Phosphosilicate glass (PSG) and front side remaining BSG layer was performed by
subsequent HF (10%) treatment.

Here | have followed a test pattern for masking the wafer with acid resistant paste but for further
solar cell processing the masks will be on those regions where the metal finger contacts will be
formed, so the printed masking and printed metallic finger should be performed by same

patterning screen with screen printing equipment.
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7.3. Results and Discussions

7.3.1. Texturization and spectral response

In solar cell reflectance should be minimum, to minimize the amount of reflection texturization
is done. When light is illuminated on the solar cell, light get reflected from the top surface of the
cell. This loss of light reduces the number of generated electron hole pair as well as reduces the
current.

Texturization of diamond cut mono n-type wafers of size 76 mmx76 mm is done in a batch
process consisting of 10 wafers at a time. Texturization is done using KOH-IPA-NaOCI
(Pottasium Hydroxide-Isopropyl Alcohol-Sodium Hypochlorite) solution at temperature 82-85°C
for 45 minutes. After texturization characterization like FESEM (QUANTA FEG 25) images,
Reflection property by UV-VIS-NIR Spectrophotometer (SolidSpec-3700, SHIMADZU) is
examined. FESEM images in Fig. 7.2 shows uniform pyramid through all over the surface.
Because of this pyramid like structure reflection from the front surface was reduced as compared
to as-cut silicon wafer whose reflectance is ~ 40%. The spectral reflectance of textured c-Si
wafer in the wavelength range 300-1050 nm is also shown in Fig. 7.3 and SWAR (Solar
Weighted Average Reflectance) is10.4%.

~ N, e
| 2um EHT = 5.00 kv Signal A = SE2 CEGESS BESUS
— WD = 49mm Mag= 10.00 KX Date :25 May 2017

Fig. 7.2: FESEM image of n-type diamond cut c-Si substrate after KOH-IPA-NaOCl
texturization.
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Fig. 7.3: Spectral response of n-type diamond cut c-Si substrate after KOH-IPA-NaOCl
texturization using UV-VIS-NIR spectrophotometer

7.3.2. Formation of homogeneously doped emitter & sheet resistance
measurement

The homogeneous diffusion process by BBr3 (Boron Tribromide) liquid source kept at 20°C for

76mm x 76mm wafers using open tube diffusion furnace is optimized and p* surface on n type
wafer is formed.
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Fig. 7.4: Mean value of sheet resistance after homogeneous born diffusion
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Diffusion process is carried out in a batch sequence with 20 back to back configured wafers at a
time. The diffusion is carried out at temperature 940°C for 50 min pre-deposition followed by 40
min drive-in and finally low temp oxidation for 10 min. Then the sheet resistance is measured by
four-probe method.

Measurement shows uniform sheet resistance and the average sheet resistance is approx 75-77
Q/sq. Fig. 7.4 shows the uniformity of the sheet resistance as well as diffusion of different

samples in same bach.

7.3.3. Stability of paste in HF solution & stripping of paste

In this work, | have used an acid resistant dielectric ink paste DH0O01, DONGHUA, CHAINA
(Batch no: 17011203, Viscosity: 175+25 PS). The stability of acid resistant ink paste in HF
solution, the stripping of the paste and also the screen cleaning liquid has been identified for that
paste. | have been able to remove the paste successfully from the wafer and from the screen by
NaOCI (sodium hypochlorite) solution. At first, | have taken textured diffused n-type mono c-Si
wafer before the removal of BSG layer. Then the acid barrier screen printable ink paste is coated
on the wafer in two side of the wafer leaving the space in between two paste coated region blank
(Fig. 7.5).

. Acid barrier ink paste

|:| Silicon

Fig. 7.5: Acid barrier ink paste coated wafer

In this test pattern, the width of the empty region (without paste region) much wider than the

width of the paste coated region to prevent the effect of lateral diffusion as much as possible.
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Fig. 7.6: Removal of paste in 4% NaOCIl solution

Afterwards the wafers are dried in sunlight till the paste is dried properly. In the next step, I
baked the wafers in hot air oven at 70°C temperature for 30 min. After baking the wafers they are
dipped into 10% HF solution for 20 mins. Then the wafers are rinsed into the DI water to taste
whether the paste remains in same condition or not. After that the wafers are dipped in NaOCI
solution at room temp for some time till the full paste is removed. It takes approx 20 min for

complete removal of paste. The corresponding graph is given in Fig. 7.6.

As an alternative of this paste | may use any type of dielectric ink paste which is acid (mainly
HF) resistant and screen printable. For further solar cell processing I have identified another acid
resistant screen printable dielectric ink paste (118-12A as Solvent Resistant Dielectric Ink, B119-
44 as Catalyst and 113-12 as Thinner) from Creative materials, USA.

7.3.4. Formation of rear side diffusion as well as front side selective emitter &

sheet resistance measurement

After the removal of acid resistant ink paste phosphorus diffusion is performed in rear side with
back-to-back configuration in batch process for formation of rear n* BSF layer. This rear side
diffusion is performed by liquid POCI3 source (also kept at 20°C) in open tube diffusion furnace
at temperature 950°C for 20 min pre-deposition followed by 10 min drive-in and finally low
temperature oxidation for 7 min. Sheet resistance of the diffused rear side is measured by four

probe method and it is around 18-20 Q/sq. During this process front side selective emitter is also
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formed at high diffusion temperature (950°C) via the gaseous atmosphere. In that high
temperature process deeply diffused regions p** (which was under the deposited mask, and where
the BSG was not removed) was formed having a lower sheet resistance and in the adjacent
regions a lightly doped region were formed having higher sheet resistance. For the high
temperature diffusion on the back side | have been benefitted from two sides - one is that | have
got a lower sheet resistant BSF and the other is that highly doped region in the front side have

been formed from the boron rich layer (BRL) by this high temperature treatment.

Sheet resistance of the front emitter has been also measured by four probe method. At highly
doped region it was constant source diffusion and the sheet resistance is 30-32 ohm/sq, besides
that in the lightly doped region it was limited source diffusion and the sheet resistance is 78-80
ohm/sq. Sheet resistance of the emitter can be changed further by changing the diffusion
parameters, i.e. by changing the time and temperature of the pre-deposition and drive-in step in
diffusion process.

1E20

——30-320hm/sq
—— 78-800hm/sq

1E19 -

1E17;
1E16 : : : :
00 02 04 06 08 10

Boron Concentration(atoms/cm3)

Depth(micron)

Fig. 7.7: Emitter profiles of electrically active boron of two different doping regions as
measured by ECV after diffusion.

Emitter profiling and its diffusion depth is investigated by electrochemical-capacitance voltage
(ECV) curve. Highest boron concentration at the peak point of the highly doped region is

7.34x10" atoms/cm® with junction depth around 0.97 pm corresponding to the sheet resistance
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30-32 Q/sq and at the peak point of the lightly doped region is 4.57x10*° atoms/cm® with
junction depth around 0.64um corresponding to the sheet resistance 78-80 Q/sq (Fig. 7.7).

In the lightly doped region sheet resistance and the peak doping concentration has been measured
in the middle of the total width of that region to ignore the effect of lateral diffusion. Here in the
lightly doped region sheet resistance increases 3.8%-4%, because in that region there was no
source for diffusion and only heat treatment applied. In this heat treatment surface atoms reached
deeper to the junction and thus the concentration of the atoms in the surface decreases and sheet

resistant increases.

7.4. Conclusions
| have presented a novel fabrication method for the formation of selective emitter for further

solar cell processing. FESEM results show uniform pyramid through all over the surface and
UV-VIS-NIR spectroscopy shows 10.4% SWAR in the wavelength range 300-1050 nm. From
the results of four probe method it is clear that uniform diffusion has been done and two different
doping regions i.e. highly doped region with sheet resistance 30-32 Q/sq and lightly doped
region with sheet resistant 78-80 Q/sq have been formed in the same emitter and ECV curve
validates the results with two different peak doping concentration of 7.34x10%° atoms/cm® &
4.57x10" atoms/cm?® respectively. The junction depths of the two different doping regions are
about 0.97 um and 0.64 pum respectively. The present technique can be considered as a different
approach compared to the current selective emitter formation techniques. The novelty of this
method is that front side selective emitter had been formed at the time of rear side diffusion
process i.e. at the time of formation of Back Surface Field (BSF) and no double diffusion or
etching process is required. | believe that my work is novel compared to the existing methods for
this type of work. This new technique can be adopted by industry also, as this technique needs
only diffusion and screen printing facilities. This process has been given more consistent,
uniform and controllable contact resistance than Reactive lon Etching (RIE) and Etch Back
process, and hence this process can be useful for mass production in industry level. Thus by
using this process low cost n-type crystalline silicon selective emitter can be made and there are
many scopes to implement this method in the industry level for the formation of selective emitter
solar cell because of its batch process viability, less no. of processing steps, ease of operation and

maintenance and cost effectiveness.
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Chapter 8

Optimizing front contact Selective Emitter
doping in n-substrate Solar Cells:
simulation modeling and experimental
application
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Abstract

The design of the emitter surface plays a crucial role in enhancing silicon solar cell
efficiency. This chapter explores the impact of different dielectric layers on the emitter
surface and investigates how varying the depth of emitter etching affects the performance of
selective emitter solar cells through simulation method. The efficiency of the cells varied
accordingly. Additionally, a combination passivation layer was identified to yield the best
solar cell performance. Simulation insights were then applied in experimental methods. A
straightforward fabrication process for selective emitter solar cells on n-type textured
diffused cells was examined, utilizing shallow boron emitters obtained through thermal
diffusion and by adjusting the parameters of the emitter doping process. Laser over-doping
from passivating layers was tested on these profiles to locally enhance emitter conductivity
and improve contact properties, thereby enabling localized control over emitter sheet
resistance and doping profile.
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8.1. Introduction

rystalline silicon (C-Si) solar cells maintain their position as a frontrunner among

various solar cell technologies, owing to factors such as a stable silicon supply,

well-established manufacturing processes, and the consistently high and improving
conversion efficiencies achievable. Typical commercial solar cells exhibit a sheet resistance
of approximately 40-50 Q/sq, achieved through uniformly doping the emitter region. While
this doping technique reduces contact resistance at the metal-semiconductor interface, it also
diminishes carrier lifetime due to increased Auger recombination and Shockley-Read-Hall
recombination [1], leading to suboptimal passivation on the front side and reduced cell
performance [2], often resulting in weak short wavelength responses [3]. Employing a lightly
doped emitter offers a higher sheet resistance and lower surface recombination rate, thereby

enhancing internal quantum efficiency in the short wavelength region.

To address the challenge of balancing recombination and contact resistance, selective emitter
(SE) solar cells have been introduced. In these cells, the emitter region, where light-generated
carriers are produced, is lightly doped to decrease recombination velocity, thus enhancing
passivation for increased photocurrent and open-circuit voltage. Conversely, the emitter
region beneath the front contact is heavily doped to reduce contact resistance [4]. As a result,
SE silicon solar cells demonstrate improved open-circuit voltage (Voc), higher short-circuit

current density (Jsc), and enhanced conversion efficiency (1).

Various techniques have been proposed for fabricating SE crystalline silicon solar cells,
including expensive methods such as photolithographic or screen-printed alignment
techniques, as well as multiple high-temperature diffusion steps [5]. Other approaches
include etch-back emitter [6-8], doped silicon ink [9-11], laser doping [12-17], ion
implantation [18], and processes involving oxide, a-Si, and porous silicon masks [19-22],
among others. However, the use of reactive ion etching (RIE) has been found to potentially

damage the surface [23].

Generally, numerous considerations arise when implementing selective emitter (SE)
technology in mass production of silicon solar cells. It's essential that any additional process
steps are minimal and that the fabrication process remains largely aligned with conventional

methods to ensure cost-effectiveness and ease of integration [24].
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This chapter details the fabrication of a selective emitter solar cell using laser over-doping,
while the modeling and design of selective emitter doping for the front contact is conducted
via simulation software. The chapter aims to present the effects of different etching depths on
various solar cell parameters for selective emitter formation. This involves heavily doping the
entire front surface of an n-type wafer, followed by masking selective regions to prevent

subsequent etching, resulting in a lightly doped surface.

The objective is to simulate the impact of alternative low doping region (LDOP) and high
doping region (HDOP) profiles on the performance of C-Si SE solar cells. The analysis,
facilitated by device simulating software such as Devedit, Athena, and Atlas operating in two
dimensions, examines the variation of different solar cell parameters while maintaining the
same HDOP profile and etching out the LDOP profile. This comparison extends to SE and
homogeneous emitter (HE) solar cells, including metrics such as short-circuit current density
(Jsc), open-circuit voltage (Voc), fill factor (FF), and efficiency ().

8.2. Modeling and Design of Selective Emitter

8.2.1. Device Structure

Because of the regular structure of selective emitter (SE) solar cells, an elementary cell is
employed as a foundation for comprehending the functioning of this cell type, as depicted in
fig. 8.1. In this elementary structure, the widths of the high doping (HDOP) region and low
doping (LDOP) region are identical.

FRONT CONTACT 70 nm thick SIN ARC

Textured front suface with 8
nm thick AI203 passivation

2 OQ-cm n-type base

BACK CONTACT

Fig. 8.1: Two dimensional cross section of the SE solar cell
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8.2.2. Device simulation

Before creating the selective emitter, | attempted to model the n-type passivated baseline
crystalline silicon solar cell. To perform the electrical analysis, the device structure was
simulated using SILVACO TCAD simulation software, comprising three main components:
structure definition, diffusion, and numerical resolution [25]. The substrate chosen for
modeling was 200 pm thick and 9 pm wide, consisting of 2 Q-cm n-type (Npase=10" cm™®)
mono crystalline silicon material. n-type base was selected due to its high minority carrier

lifetime and absence of boron-induced light degradation.

8.2.3. Simulation Result

On the front side, a high boron diffusion with a sheet resistance of 36.62 €¥/5q (boron implant
dose=3e19 atoms/cm®, Energy=10, diffusion time=60 min, temperature=940 °C) was initially
performed. Subsequently, while maintaining the high doping (HDOP) region constant, the
low doping (LDOP) region was etched for various durations to control the etching depth,
ranging from 0.1 um to 0.4 um. On the rear side, a phosphorus diffusion with a sheet
resistance of 37.03 C%q (phosphorus implant dose=1¢19 atoms/cm®, Energy=50, diffusion
time=20 min, temperature=900 °C) was used as an n-type back surface field (BSF).

Different passivation schemes were studied on the solar cell surface, and the performance of
the n-type solar cell was simulated using SILVACO software (as shown in Table 8.1).
Various dielectric films such Al,O3 (10 nm), HfO, (10 nm), TiO, (10 nm) and SiNy (80 nm)
were deposited on the emitter of diffused textured n-type c-Si wafer solar cells as passivating
layers. Simulation analysis was conducted to understand the passivation mechanism,
revealing that Al,O3 yielded superior results compared to TiO, and SiNy. The short-circuit
current for Al,O3 passivated surfaces surpassed other passivation results, with the best
efficiency of 17.77% achieved using a 10 nm thick Al,O3 passivation layer and a 70 nm thick
SiNy antireflection coating (ARC). Notably, during SILVACO simulation, using Hafnium
Oxide (HfO,) as a passivating agent on the rear n+ side of the n-type solar cell (i.e., p'nn”
diffused sample) resulted in an efficiency of 19.5%. The highest efficiency was achieved with
Al,O3 front passivation, HfO, rear passivation, and SiNyx ARC, leading to increased V. and
Jsc values of 659 mV and 35.18 mA/cm?, respectively. Al,Os film grown by atomic layer
deposition (ALD) exhibited a negative fixed oxide charge density, reducing electron
concentration near the surface of the p-type silicon substrate through a built-in electric field.
This Al,O3; film mitigated electrical loss by providing both chemical and field-effect
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passivation in p-type silicon wafers, while HfO,, TiO2, and SiNy were less suitable for p-type
silicon passivation due to their induction of fixed positive charges at the interface [26]. The

front surface was illuminated.
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Fig. 8.1: (a) Diffusion profile of the wafer with sheet resistance 45-50 2/sq (b)
SILVACO schematic diagram of Solar cell with sheet resistance 45-50 Q/sq
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This chapter examines the trends in cell electrical parameters such as Js, Vo, FF, and 7 in
response to variations in etching depth. The SILVACO program utilized in this study was
written in ATLAS mode [27], a physically-based 2-D & 3-D device simulator that forecasts
the electrical behavior of semiconductor devices under specified bias conditions. The input
structures simulated with Athena were employed by Atlas, enabling the determination of how
process parameters affect device characteristics. Upon defining the structure, the diffusion
profile was imported, and optical data profiles were externally integrated into the beam
structure. The contact structure was defined using cathode metal. Fig. 8.1 (a) & (b) illustrate
the simulated doping profile and schematic of the simulated textured diffused n-type baseline

solar cell.

Table 8.1: Solar cell performance result for different front surface passivation obtained

theoretically with sheet resistance 45-50 /sq

Passivation (Front/Rear) & ARC | J,. (mA/cm?) | Vo (mV) | FF n (%)
(Theo) (Theo) (Theo) | (Theo)

Front TiO, passivation (10 nm) + 23.23 0.651 0.84 12.7

ARC SiNy (70 nm)

Front Al,O3 passivation (10 nm) + | 31.90 0.658 0.85 17.77

ARC SiNx (70 nm)

ARC + passivation SiNx (80 nm) 29.83 0.653 0.84 16.39

Front Al,O3 passivation (10 nm) + | 35.18 0.659 0.84 19.48

ARC SiNx (70 nm)

Rear HfO, passivation (10nm)

In photovoltaic silicon technology, efficiency is a crucial parameter for overall cost reduction.
Simulation of the SE solar cell was conducted, and fig. 8.2 presents a comparative analysis of
the current density-voltage (J-V) curves between the front Al,O3 passivated, SiNx ARC
coated with no rear passivation, and rear HfO, passivation solar cell under the same front and
rear side diffusion conditions. For the selective emitter and PERT (Passivated Emitter and
Rear Totally Diffused) structure, etching of the selected area is imperative to achieve the

required sheet resistance.

Following the selective emitter process, the wafer underwent initial diffusion with high

doping concentration to achieve low sheet resistance. However, apart from the metal-covered
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area, other surfaces were etched to attain higher sheet resistance. This approach was adopted
to balance the trade-off between highly diffused emitter areas leading to low short-circuit
current due to increased junction depth, and lowly diffused emitters resulting in resistive
losses beneath metal coverage. Utilizing this combination aimed to enhance solar cell
performance. In the SILVACO TCAD program, a similar principle was applied, where only

the region under the metal contact was heavily diffused, while other areas were etched to

achieve high sheet resistance.

—AIlO,+SiN_front, rear no passivation

: —— AL O +SiN_front, rear HfO, passivation

Fig. 8.2: J-V Characteristics curve of simulated baseline n-type solar cell by SILVACO

Table 8.2: SILVACO simulation data of selective emitter PERT Solar cell with

01 0.2

— T
0.3

—
0.4

Voltage(V)

simulation

variation of emitter etching depth.

0.5

0.6

0.7

Etching depth (um) Ry (/sq) X; N, (/em”)
Without etch 33.4189 0.852959 8.5149e19
0.1 43.8478 0.752959 7.75276e19
0.2 62.0017 0.652959 7.08684e19
0.3 97.6776 0.552959 6.04087e19
0.4 184.519 0.452959 4.68324e19
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Initially, a flat silicon surface was utilized instead of a textured surface. Following etching,
changes in sheet resistance with carrier concentration were documented in Table 8.2. The rear
side of the cell was configured as a PERT structure. Table 8.3 demonstrates the impact of
varying etching depths, allowing a comparison between HE and SE cells to gauge the
electrical performance of SE silicon solar cells. Tabular data from the J-V curves illustrates
that successive etching initially enhances cell performance, followed by a decline due to very
high sheet resistance. The SE cell featuring a 36.62 €sq HDOP profile and LDOP profile
with an etching depth of 0.3 um achieved maximum efficiency 23.38%, while the HE cell
exhibited an efficiency of 22.54%.

Table 8.3: Comparison between the simulated HE cells, and SE cells (36.62 (Y5q HDOP
and LDOP with varied etching depth from 0.1 pm-0.4 pm.

Etching depth(um) | Jo(mA/cm®) | Vo(V) | FF | Eff%
Without etch 35.9 0.736 | 0.85 | 22.54
0.1 36.27 0.755 | 0.85 | 23.2

0.2 36.38 0.7558 | 0.85 | 23.35

0.3 36.39 0.756 | 0.85 | 23.38

0.4 36.29 0.756 | 0.85 | 23.32

The SE cell with maximum efficiency demonstrates an improvement in Js; and V. by 0.489
mA/cm? and 0.02 mV, respectively, resulting in an efficiency gain of 0.84%. The diffusion
profile with and without etching is depicted in Figure 8.3, while the SILVACO schematic
structure of the selective emitter PERT n-type solar cell is illustrated in fig. 8.4.

Simulation of the Selective Emitter PERT structure on textured silicon was also conducted. A
maximum efficiency of 27.80% was attained with an etching depth of 0.3 pm, as depicted in
fig. 8.6. The schematic diagram of the textured selective emitter PERT structure is presented
in fig. 8.5.
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Fig. 8.3: Diffusion profile of the wafer without etches and 0.3 pm etch.
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Fig. 8.6: J-V plot of wafer of selective emitter PERT structure in SILVACO
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8.3. Solar cell fabrication with simulated result

8.3.1. Experimental methods

To achieve the objective of fabricating a high-efficiency Al,O3 passivated, n-type crystalline
silicon selective emitter solar cell, the initial step involved establishing the baseline of an n-
type crystalline silicon solar cell, as outlined in the process flow chart (Scheme 1). Solar cells
were experimentally fabricated on n-type CZ crystalline silicon wafers measuring 78 mm x
78 mm, with a thickness of approximately 200 um and a surface resistivity (p) of ~1-5Q-cm,
as illustrated in Fig. 8.7 (a) & (b).

8.3.1.1. Cleaning and Texturization

Prior to texturization, the diamond wire cut silicon (DW-Si) wafers underwent an initial
cleaning step using a (1:1 H,SO4:H,0,) solution, followed by immersion in a 5% HF
solution. The texturization process for n-type C-Si involved standard anisotropic alkali
etching using a solution comprising 2% KOH, 6.5% IPA aqueous solution, and 0.33%
NaOCI, conducted for 45 minutes at 80°C. Subsequently, the samples were immersed once

more in a 5% HF solution and rinsed thoroughly with deionized water multiple times.

Diamond cut n-typemono

C-Siwafer,<100> Frontp* Junction formation
oriented,200 pm - Texturization — by BBr; diffusion followed
thickness,1-5€2-cm by BSGlayer removal

resistivity l

Rear siden* diffusion by
@mmm=m  Plasma edgeisolation ¢ POCI;followed by PSG
removal

Front side passivation
and AR coating

Frontside Ag/Al grid
mmmmm) metal contact followed by
baking

Finished cell for

measurement ¢ Co firing

Back side Back side Agmetallization
passivation(Optional) followed by baking

Scheme 8.1: Base line process of n-type mono-crystalline silicon solar cell



Chapter 8 | 202

Ag/Al i ~ SiNx

. <— 10-20 nm Al203
P+ boron emitter

N-type Crystalline Silicon

n+ BSF
I , B N
Ag
75-80 nm SiNx ARC

Ag/Al paste

10-20 nm Al203

N-type c-Si wafer

n+ BSF

75-80 nm SiNx

Fig. 8.7: Schematic diagram for n type (a) baseline solar cell (b) selective emitter solar

cell

8.3.2. Experimental results

8.3.2.1. Front emitter and rear surface diffusion

Surface diffusion was carried out on the textured wafers in a batch process. Front side
diffusion was performed to create a p* emitter using a liquid boron tri-bromide (BBr3) source
maintained at 20°C in an open tube diffusion furnace. The diffusion process was executed in
four sets at temperatures ranging from 925-955°C for pre-deposition durations of 15-25
minutes, followed by drive-in durations of 15-20 minutes, and concluding with a low-
temperature oxidation step for 10 minutes. The resulting sheet resistance varied with different
diffusion profiles: the first set achieved a sheet resistance of 45-50 Q/sq, the second set
around 50-60 Q/sq, the third set approximately 60-70 €/sq, and the fourth set exhibited the
highest sheet resistance, reaching 70-80 Q/sq. After diffusion, the wafers were immersed in a

5% HF solution to completely remove the borosilicate glass (BSG) layer.

On the other hand, back side diffusion was conducted to form a rear n* back surface field

(BSF) using a liquid phosphorus oxy-chloride (POCI3) source, also kept at 20°C in an open



side of n type c-Si sample

tube diffusion furnace at a temperature of 900°C, in a back-to-back configuration in a batch
process with pre-deposition and drive-in durations of 15 minutes and 10 minutes,
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Fig. 8.9: 20-22 ohm/sq sheet resistance on rear
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The sheet resistance on the rear surface was maintained at around 20-22 Q/sq. Emitter sheet
resistance (Rsneet) Was measured using a four-probe unit. Histograms depicting the different

diffusion profiles of the front and rear surfaces are shown in Fig. 8.8 and 8.9, respectively.

The electro-capacitance voltage (ECV) curve for boron diffusion corresponding to the 45-50
Q/sq profile is depicted in Fig. 8.10.

Carrier Concentration

Boron Carrier Concentration
A
Ak

L] L] L] L] L] L]
00 01 02 03 04 05 06 07
depth (micron)

Fig. 8.10: Emitter profiles of electrically active phosphorus as measured by ECV after
diffusion.

8.3.2.2. Dielectric film deposition

The optimization of dielectric layer deposition was succinctly illustrated through simulation
modeling. These analyses indicated that employing Al,O3 on the front surface and HfO, on
the rear surface led to the most significant enhancement in cell efficiency. Consequently, in
the experimental fabrication of solar cells, this passivation layer combination was utilized.
These optimized passivation layers also yielded the highest efficiency in this model.
Following the successful Plasma Edge isolation of all diffused wafers, a conformal 10 nm
thick aluminum oxide (Al,O3) layer was deposited on the samples using a Thermal ALD (T-
ALD) system (Gemstar, USA) for passivation purposes. Trimethylaluminum precursor
(TMA) from Sigma Aldrich (stored at room temperature) and DI water served as source
oxidants for the Al,O3 layer deposition. The entire deposition process was conducted in an
inert N, ambient with a flow rate of 10 sccm. The chamber pressure was maintained below 30
mTorr by gas pumping after sample loading . The process temperature was set at 175 C, and

84 cycle depositions were utilized to grow a 10 nm thick Al,O3 film. On the rear surface, a 10
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nm thick layer of hafnium oxide (HfO,) was deposited using T-ALD. The source material,
Tetrakis dimethylamino hafnium (TDMAH) from Sigma Aldrich, was kept at 60 °C. The
processing temperature for the HfO, film was 225 °C, and 110 process cycles were
performed to deposit the 10 nm film. Degassing was necessary before each deposition in T-

ALD to prevent impurities.

8.3.2.3. Lifetime measurement

Surface analysis of the front Al,O; and rear HfO, passivation layers was conducted by
measuring the minority carrier lifetime using a semilab lifetime tester. The enhancement of
lifetime with annealing temperature confirms the passivation effect, with the maximum
lifetime achieved at 500°C, reaching up to 170 ps. The lifetime data before and after

annealing are presented in Table 8.4.

Table 8.4: Lifetime data of samples after oxide deposition

Passivating | Size of cell Cell Lifetime (ps) of | Lifetime (ps)

Agent surface | as-deposited of annealed
Al,O3 78 mm x 78 mm Front 24.5 170
HfO, 78 mm x 78 mm Rear 20 70

8.3.2.4. Deposition of anti-reflection coating

30

‘ =—SiN_of thickness 70 nm on c-Si textured wafer
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Fig. 8.11 Reflectance curve of n-type crystalline silicon substrate after silicon nitride
deposition using UV-VIS-NIR spectrophotometer
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Subsequently, the wafers underwent coating with a 70 nm thick SiN layer for antireflection
coating via standard PECVD technique (Hindhivac, India). Following the ARC coating,
reflection data were calibrated using a UV-VIS-NIR Spectrophotometer (Shimadzu 3700),
revealing approximately 5% reflectance, as depicted in fig. 8.11.

8.3.2.5. Metallization and Co-firing

Later, the wafers were screen printed for conventional metallization on the rear side with Ag
paste, followed by baking at 300°C in a belt furnace. Subsequent front side metallization was
conducted using Ag-Al paste, followed by baking at 300°C and co-firing at 800-850°C in a
belt furnace. The high-temperature firing process facilitated metal silicon bonding as the
metals punched through the ALD deposited oxides to silicon [28]. Following this, the cells
were calibrated for the I-V characteristics using a Solar Simulator tester (SINTON). For a 78
mm x 78 mm solar cell, an efficiency of 16.7% was achieved for a 45-55 ohm/sq emitter
surface doping. The J-V curve for the solar cell is depicted in fig. 8.12. This suggests that
further optimization of the firing techniques during the metallization process may lead to an
increased fill factor. Additionally, improved front and rear surface passivation could enhance

efficiency.

40
Front_ALO, Back_HfO,
35-
30 -
o 25- J: 35.690 [mA/cm’]
Voot 0.624 [V]
E Jmax:  31.63 [mA/em’|
2 204 Ve 0530[V]
<« Pmax:  16.76 [mW/cm’]
S 15- FF: 0.75 [-]
— Efficiency: 16.7 [%]
& Cell Area:  54.50 [em?]
- 10 -
5
0 I L] ) 1 L) I
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Voltage (V)

Fig. 8.12: J-V characteristics of 45-55 ohm/sq, 78 mm x 78 mm solar cell.
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8.3.2.6. Fabrication of Selective emitter solar cell
Following the simulation results, | proceeded to fabricate an n-type crystalline silicon Al,O3

passivated selective emitter solar cell with laser over-doping process, as depicted in detail in
scheme 8.2.

N-typeDiamond cut . Lﬂfe!‘_overf(l?])iilg ~
mono-crystalline Silicon NaOH-PA-NAOC! ey D013 LD ie lllllfll"? il selective
wafer,<100>,2-5 ohm- === texturization diffusion area doping

e, 200 pun thick

Emitter passivation by Plasma edge PSGaver POCl;rear BSG layer
ALD deposited ALO;  gummm isolation R — E &= diffusion e lemoval

e removal

. ) ) . Emitter side Ag/Al
Emitter SiN, ARC & BacksideAg metallization by , Selective Emitter
R?af'l.Slc_lePa_ssn-'ahml —) 111103.tallnze|“t:opb}-‘ mm)  SCTeCN Printing b Co-firing == n-type Solar Cell
by SIN,/HFO, screen prinfing followed by baking for testing

followed by baking

Scheme 8.2: Flow chart for fabrication of n-type selective emitter solar cell by laser
over-doping process

After diffusion and an HF dip, the surface underwent treatment with a green laser in a
patterned style to create the grid structure. T-ALD was utilized to deposit 10 nm thick Al,O3
layers on the front side and 10 nm thick HfO, layer on the rear side of the wafer.
Subsequently, 70 nm thick undoped hydrogenated silicon nitride (SiNyx:H) layers were
deposited by PECVD on the front side. Metal contacts were then deposited following the
same pattern, and the samples underwent a firing step in an IR belt furnace at 800-850°C

using a typical screen printing process.
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Fig. 8.13: Box chart of variation of sheet resistance (a) with the changes of height and

speed of laser beam; (b) with the changes of power of laser beam for laser over-doping
selective emitter
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By varying the height, speed, and power of the laser, etching was performed at specific
regions of the wafer beneath the metal contact, resulting in changes in sheet resistance. The
remaining portion of the wafer surface was initially covered by an acid-resistant polymer TP-
2019 (an in-house developed polymer). Two types of box charts were generated to illustrate
the differences in sheet resistance with various samples: one depicting changes in height and
speed of the laser beam (fig. 8.13a), and the other showing variations in the power of the laser
beam (fig. 8.13b). Through the laser over-doping treatment, an efficiency of 17.2% was
achieved for a 78 mm x 78 mm solar cell, as demonstrated by the J-V curve depicted in fig.
8.14.

45
40 ‘ J-V characteristics curve for SE Solar cell (78mm*78mm)
-
35+
30«4  J.=36.86 mAicm’
vV, =0635V
£ 254 | -ssemaen
~ 20 v, .= 0528V
2 7 FF=0.73
E Eff=17.2 %
"'-"0 15+ Cell area= 54.5 cm®
» R_= 1.235 [ohm*cm’]
= 104 B o,
R_ =915.65 [ohm*cm]
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Fig. 8.14: J-V curve of 78mmx78mm laser over-doped selective emitter solar cell

8.4. Conclusions

The current focus in solar cell technology revolves around enhancing efficiency and
streamlining fabrication techniques. The emerging trend in the solar photovoltaic field is the
selective emitter structure, valued for its heightened efficiency and simplified fabrication
process. This study explores two fabrication approaches for solar cells. The first involves

modeling n-type selective emitter solar cells using simulation software, while the second
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employs conventional diffusion with ALD passivation, followed by laser over-doping to
produce n-type selective emitter solar cells. Initially, a uniform lightly doped emitter is
created through a diffusion process using POCI; as the source. Subsequently, laser
overdoping is applied to the contact regions to establish the selective emitter structure,
achieved by employing a laser beam to inscribe the grid pattern. Finally, screen-printing is
employed to fabricate the contacts. | have produced multiple batches of 78 mm x 78 mm area
solar cells, utilizing these procedures individually, to investigate the effects of key laser and
dopant parameters on solar cell performance. The development of large-area devices is

underway.

Both methodologies yielded promising results. The selective emitter (SE) silicon solar cell
demonstrates superior performance metrics, including higher open circuit voltage (Voc),
improved short circuit current density (Js), and enhanced conversion efficiency (n). This is
attributed to the lightly doped emitter region, which mitigates recombination velocity, and the
heavily doped emitter region beneath the front contact, which reduces contact resistance.
Optimal passivation is crucial for minimizing losses. Dual passivation utilizing Al,O3 and
HfO, proves effective in enhancing the efficiency of selective emitter silicon solar cells.
Further optimization is necessary to potentially enhance solar cell efficiency even further.
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9.1. Conclusion

ince its discovery, Transition Metal Dichalcogenides (TMDs) have garnered
considerable attention from researchers eager to explore their potential in semiconductor
technology. The advancements in research and their impact on our daily lives
underscore the significance of metal-semiconductor interfaces in electronic devices. Besides pure
TMDs, the composites i.e. alloys comprising various TMDs have gained significant traction,
especially in the realm of photosensing devices. Schottky barrier diodes serve as fundamental
components for metal-semiconductor interfaces in these devices, thus endorsing thorough

investigation.

This study focuses on synthesizing and characterizing both pure MoS, and its alloy with
tungsten, followed by the fabrication of Schottky diodes to assess the impact of W doping.
Additionally, novel materials including 2-amino terephthalic acid-directed supramolecular
Mn(Il)-metallogel, butane-1,4-dicarboxylic acid-directed supramolecular Mn(ll), Cd(ll)-
metallogels, and 5-aminoisophthalic acid-directed Supramolecular Ni(ll)-Metallogel are
synthesized and characterized to explore their potential applications in Schottky Barrier Diodes
(SBDs).

By employing sodium molybdate di-hydrate and thiourea as precursors, coupled with Oxalic
Acid and Hydroxylamine hydrochloride as catalysts, pure MoS;, is synthesized via a
hydrothermal approach. Subsequently, its alloy compounds of Tungsten with varying molar
ratios are prepared by substituting sodium molybdate di-hydrate with sodium tungstate di-
hydrate. These processes are followed by structural and optical characterization. Thin film
Schottky Diodes fabricated using these materials are evaluated under both dark and illuminated
conditions to assess their relative performance. The compounds exhibit enhanced rectifying
properties under illumination, demonstrating increased current values and heightened
photosensitivity of Mo;xW,S, alloy nano-composite structure compared to pristine MoS,. To
probe the charge transport properties across the metal-semiconductor (MS) junction, Space
Charge Limited Current (SCLC) theory is employed, focusing on the SCLC region.
Understanding the charge transport kinetics within any material necessitates insight into its
microstructure. On this matter, Impedance Spectroscopy analysis is conducted to comprehend
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the electric and dielectric properties of MoS, and MoWS, composites. The Nyquist plot
representing the impedance at the MS interface is analyzed using an equivalent circuit model.
Overall, the diode parameter values indicate that the specific Moo W »S, nano-composite-based
device outperforms its counterparts for photosensitive applications.

Furthermore, we synthesized several other metallogels, including 2-amino terephthalic acid-
directed Mn(ll)-metallogel, butane-1,4-dicarboxylic acid-based Mn(lIl) and Cd(Il)-metallogels,
and Ni(Il)-Metallogel based on 5-aminoisophthalic acid. Our aim is to expand the literature on
metallogel-based scientific and technological advancements, aiming to develop highly functional
devices with exceptional flexibility. The production of ATA-directed stable supramolecular
metallogel of Mn(Il) was facilitated by non-covalent supramolecular factors such as the n-system
and hydrogen bonding patterns, as indicated by FT-IR data. Its band gap value of 3.34 eV
denotes its semiconducting property and entitles further investigation for diodes. The values
obtained under dark and light conditions clearly underscore its significance in photosensitive
devices. Our findings may open up new dimensions in the research of mechanically flexible
networks for creating functional optoelectronic devices, achieved through the utilization of small
molecules via strategic utilization of non-covalent supramolecular interactions. This could
potentially lead to flexible smart electronic diodes with light sensitivity and advanced

functionality.

Additionally, with BDA-directed Mn(Il) and Cd(I1)-metallogels, we aimed to elucidate various
metallogel-related features such as rheological, morphological, and mechanistic strategies, using
spectroscopic outcomes. The FT-IR stretching frequencies of individual xerogel samples validate
the significant role of non-covalent supramolecular interactions in individual metallogel
construction. In our exploration of metallogel-based functional devices, we endeavored to study
the voltage-dependent current density, charge transportation, and rectification ratio of
metallogel-based fabricated diodes. We anticipate that this study will contribute to the
advancement of mechanically flexible type material-based device fabrication for technological

applications.

To a greater extent, the novel supramolecular Ni@5AIA metallogel illustrates various non-
covalent interactions that contribute to the formation of a stable metallogel at room temperature.

The mechanical stability of this metallogel was confirmed through rheological tests. With a band
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gap of 3.37 eV, highlighting its semiconducting nature, this metallogel is investigated for its
optoelectronic behavior. The results suggest that this material holds promise for supramolecular

Ni2+ metallogel-based electronic devices for advanced technology.

The demand for photovoltaic technology necessitates cost-effective and highly efficient solar cell
structures. Balancing surface recombination velocity and contact resistance is crucial in the
utilization of selective emitters in solar cell research. In summary, three significant challenges
have emerged: firstly, many fabrication processes for selective emitter solar cells involve double
diffusion steps, which are prohibitively expensive; secondly, difficulties arise in aligning the
front side metal grid accurately with the highly doped emitter surface during contact formation;
and thirdly, the etch-back method results in an uncontrolled etching process. My research
focuses on addressing these challenges, yielding promising results. In this study, a new method
was utilized to create a selective emitter. | have endeavored to simultaneously form the front side
selective emitter and the rear back surface field (BSF) layer during the rear side diffusion step.
The consecutive advancement of solar cell development is detailed in my work. This method
stands out for its omission of double diffusion or etching steps, this represents a milestone in my
research. | consider my approach to be innovative in comparison to existing methods in this
field. It offers more consistent, uniform, and controllable contact resistance than Reactive lon
Etching (RIE) and Etch Back processes. Moreover, this technique only requires diffusion and
screen printing equipment, making it suitable for mass production in industrial settings.
Consequently, this process enables the cost-effective production of low-cost n-type crystalline
silicon selective emitters. | have conducted theoretical simulations to model and design selective
emitter solar cells, with the optimized parameters then applied in fabricating such cells using the
laser over-doping technique. Initially, Diamond Wire Saw (DWS) wafers were chosen for their
widespread availability and industrial-scale production. DWS technology has garnered interest in
solar cell industries due to its minimal kerf loss, high throughput, and cost-effectiveness
compared to SWS technology. This research highlights the significant potential for achieving
high-efficiency solar cells. Its batch processing viability, reduced number of steps, ease of
operation and maintenance, and cost-effectiveness suggest numerous opportunities for its

implementation at an industrial scale in the formation of selective emitter solar cells.
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So, the thesis highlights the distinctive characteristics of TMD alloy, positioning it as a
promising option for electronic devices. Through the investigation, insights are gained into
enhancing device performance by varying the molar ratios of Tungsten in MoS,. Additionally, a
detailed examination of the MS junction and the kinetics of total charge transfer offers
fundamental insights into microstructure. These findings hold significance for the development
of photodetectors, transistors, solar cells, and other technologies. Furthermore, the synthesis of
new semiconducting supramolecular metallogel materials from low molecular weight gelators
demonstrates their potential in the opto-electronic industry. I have introduced an innovative
approach to fabricate selective emitters. Our findings demonstrate the successful formation of the
selective emitter in a single diffusion process, eliminating the need for additional heat treatment

or chemical etching. Consequently, this method proves to be cost-effective.

9.2. Novelty

» While extensive research has explored WS,/MoS;-based composites, there remains a gap in
the literature regarding the application of semiconducting Mo x\WS, composite in metal-
semiconductor junctions for Schottky Barrier Diode (SBD) purposes. This material holds

significant promise for future studies in the metal-semiconductor junction research field.

» The adaptability of diodes provides an extra advantage for technological progress, as these
semiconductor devices can be shaped as desired and located anywhere within a device.
Integrating supramolecular metallogels into practical semiconductor equipment poses a
consistent technological hurdle. | successfully implemented these gel-based materials in
thin-film devices based on metal-semiconductor junctions to assess their potential in
electronic devices and charge transport. | believe this research will contribute to advancing
the fabrication of mechanically flexible material-based devices for technological

applications.

» | developed a unique method to create a selective emitter, distinct from current techniques,
enabling simultaneous formation of front side selective emitter and rear back surface field

(BSF) layer during rear side diffusion, thereby reducing costs by eliminating the need for
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double diffusion or etching processes. Due to the unavailability of p* contacting pastes for
the p* emitter of n-type solar cells, research into selective emitter formation and its various
parameters remains a challenge. | believe my approach is innovative compared to existing
methods and can be adopted by the industry, requiring only diffusion and screen printing
facilities. This method offers more consistent, uniform, and controllable contact resistance
than Reactive lon Etching (RIE) and Etch Back processes, making it suitable for mass
production due to its batch process feasibility, fewer processing steps, ease of operation and

maintenance, and cost-effectiveness.

9.3. Scope of future work

» The author intends to enhance the Mo1xW,S,-based Schottky device further and explore the
application of MoWS; in various semiconductor devices such as sensors and solar cells in

the future.

» The author has initiated research on "Energy quenching and fluorescence resonance energy
transfer (FRET) of excitons from Poly (3-hexylthiophene) (P3HT) to MoWS," and has made
intriguing observations. MoWS, demonstrates significant promise as an acceptor of excitons
originating from the P3HT organic polymer. The absorption and emission characteristics
strongly suggest the potential for resonance energy transfer within P3HT:MoWS,, facilitated

by the energy quenching technique.

» The author aims to utilize flexible metallogels in smart electronic devices to contribute to
advanced technology.

» Further optimization is required for surface passivation and metallization, particularly in
refining firing techniques to potentially enhance the fill factor. Improved front and rear
surface passivation could also lead to increased efficiency. The author intends to explore

applying the selective emitter structure to interdigitated back contact (IBC) solar cells.

**%k
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Molybdenum Tungsten Di-Sulphide is a semiconducting alloy of different TMD (transition metal dichalcogenide)
materials that has enommons tunable structuml, optical, and electrical attributes. In this research, we have
performed the hydrothermal synthesization of Moy (W8, nanocomposites with different molar concentration of
tungsten (Le. x « 0, 0.1, 0.2, 0.3) and fabricated AL/Moy (W, S,/TT0 structured Schottky Barrier diodes. Chare
acterization of their structural, optical, and charge port attributes are compared. In this alloy formation, the
amount of W (tungsten) concentration has a great impact on the particle size of composites, The jon of
charges vin the metal-semiconductor junction is the basis for the superiority of thin film -rmkwud\u-tuv devices
like the Schottky diode. The diode parameters as well as charge transfer chamcteristies were analyzed by
Impedance Spectroscopy and the theory of SCLC (space charge limited current), The calenlated mobility and
transit time for the Mog sWa 38, deviee are 5.65 « 10 *m? V ' s 7 and 1.59 ns respectively. These results are
better than the rest of the devices. Dramatic conductivity enhancement for the Mog 4W 38, based Schottky
device s observed. As a result, this work not only investigates AL/MoWS; interface in detail but also explains the

faster and better charge transport of the Moy 4W 38, based device from a structural perspective,

1. Introduction

Many 2D and 3D materials have been tremendously explored in
recent years due to their distinctive traits illustrating considerable op-
tical characteristics along with incredibly quick recovery times (1],
mechanical flexibility [2]), ally greater modulation depths (1],
and even high electrical conductivity [4). The distinct properties of 2D
and 3D materials turn them very appealing to use in optoelectronic
devices. Among these materials, one of the varieties of 2D material,
transition metal dichalcogenides (TMDs) are like MX; form, M denotes
Mo and W type transition metal, and X indicates S, Se, Te type dichal-
cogenide. They have a vast quantity of applications in capacitors, elec-
trochemical devices, solid lubricants, cktlmuk nnd photo-sensing
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Currently, alloying different TMD materials are highly exciting
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absorption [11), and an el d layer-dependent f [12-14). T™MD
alloy development can activate the inert basal planes of TMD materials
[15). Furthermore, doping heavy atoms makes electron injection easier.
The quantity of electrons injected is determined by the level of doping.
Tungsten (W) is a transition metal with the same physical and chemical
characteristics as Mo and high electron density. Furthermore, WS; has a
comparable crystal structure and lattice constants to MoS; [16]. As a
result, we may hypothesize that even after being doped with W, the
erystal structure of MoS2 can remain stable.

MoS; and WS; together yield a mixed TMDs compound with the
chemical lomula Mo, WSz Such promising substances (MoWS;)
have sub especially to their struc-
tural thnrmtdndn and band gap tunability [17] because the di-

i of the i differ | ically, WS,/MoS;
mpodlocompﬂndolMShymwilhnnndwkde/Mohyuln
between (5-W-$ or $-Mo-S)by Vander Walls interactions [15 20).
Despite the fact that a lot of studies have been undertaken for the
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Investigating charge transportation and photo-responsive outcome of a
Schottky diode fabricated by 2-amino terephthalic acid directed

supramolecular Mn(II)-metallogel
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ARTICLE INFO ABSTRACT

Keywords: This study investigates a supramolecular metallogel formed using an ultrasonication technigque and employing
Supramolecular Ma(I1) metallogel acetate tetrahydrate as a metal salt, 2-amino terephthalic acid (ATA) as an organic gelator, and NN~

m dimﬂhyl formamide and dimethyl sulfoxide as mixed solvents. The mechanical toughness and viscoelastic pa-
Rl- rameters of the metallogel material were well demonstrated by rheology-based experimental values of storage
Semiconducting foacures and loss moduli with rotational frequency, shear strain, and shear stress of the Ma(Il)-metallogel (Mn-ATA). The
schottky diode device microstructural analysis along with chemical composition were shown using field emission scanning electron

microscopy and energy dispersive Xeray analysis-based elemental research. Analysis of the infrared spectrum
aided in determining how Mn-ATA was formed, Electrospray ionization mass investigation of Mn-ATA demon-
strated the existence of several metallogel components and their engagement in producing the metallogel
structure. Different diode parameters (i.e. photosensitivity, photoconductivity sensitivity, responsivity, specific
detectivity, ideality factor, barrier height, and series resistance were measured, revealing the semiconducting
property of the metallogel. The current-voltage characteristics of a Mn-ATA-based thin-film type metal-
~semiconductor junction device demonstrated non-linear rectifying behavior, indicating Schottky diode behavior
with dominating electronic-charge transport features, The device displayed an improved rectifying property
under illumination, which also implied higher conductivity, The device's measured conductivity in the low-
voltage domain (equivalent to ohmic behavior) was 1.03 x 10" and 4.12 x 10" Sm ™" under darkness and
illumination, respectively, implying photo-responsive behavior,

1. Introduction based on the gelator types during gel formation. In addition to the use of
different polymeric gelators 7], x-gel [%], and oli ric gel

[9], low molecular-weight gelators (LMWGs) are a specific form of

Mol 1ar salf.

bly [1], a fund | theme of sup lecul

chemistry, is increasingly important in the material and technological
fields. Supramolecular gels [2] are the fascinating result of a molecular
self-assembly process. Gelator and solvent molecules are the two main
constituents for fabrication of a supramolecular gel system [3]. Several
polar and non-polar solvents [4-6] including water, N,N-dimethyl
for ide (DMF), dimethyl sulfoxide (DMSO), tetrahydrofuran,
toluene, dichloromethane, acetone, ethanol, methanol, acetonitrile and
carbon tetrachloride are immobilized within the chemical

gelators that are widely recognized for obtaining supramolecular-type
soft gel systems [3). The LMWGs use distinct types of non-covalent in-
teractions to generate a stable gel, and the LMWG-directed quasi-solid
viscoelastic gel is usually referred to as supramolecular material [10].
Due to the wide range of applications in d(wm areas, academic to in-
dustrial, research in the field of gelati h 8y is quickly expand
ing. Supramoleculnr gels have p lications from
to biological fields includi cnmlydc activity [11],
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Comparative outcomes of the voltage-dependent
current density, charge transportation and
rectification ratio of electronic devices fabricated
using mechanically flexible supramolecular
networks¥t

Baishakhi Pal,® Santanu Majumdar,” Indr‘agt Pal,® Gerald Lepcha,® Amiya Dey,”
Partha Pratim Ray (2 *? and Biswajit Dey (2 *®

In this study, we report the synthetic method of two distinct supramolecular metallogels, namely Mn-BDA
and Cd-BDA, using Mn(i) acetate tetrahydrate, Cd(n) acetate dihydrate and butane-1.4-dicarboxylic acid
(BDA). DMF, a polar aprotic solvent, was immobilized in both metallogel-networks for their synthesis. The
metallogelation of Mn-BDA was successfully attained through the instant mixing of a Mn(i)-source and
BDA in DMF solvent media. By applying ultrasonication, a Cd-BDA metallogel was prepared. The stoichio-
metry of gel-forming components concerning metal salts and the LMWG are accountable to obtain
respective stable metallogels. Rheological parameters such as storage modulus (G) and loss modulus (G”)
explored the mechanical flexibility of the synthesized metallogels through amplitude and angular fre-
quency sweep experiments. Both the metallogels possess significant mechanical stability, which was
determined by monitoring diverse gel-to-sol transition shear strain values (y%). Distinctive morphological
visualizations of both of these metallogels (i.e., Mn-BDA and Cd-BDA) were made via field emission scan-
ning electron microscopic (FESEM) studies, demonstrating a fibrous inter-connected network with a hier-
archical self-assembled arrangement for Mn(i)-based metallogels and a typical stacked-flake-like associ-
ation with hierarchical motifs for Cd(i)-based metallogels. EDAX elemental mapping substantiated the
presence of metallogel-forming agents such as individual metal acetate salts, BDA acting as a low-mole-
cular weight gelator, and gel-immobilized solvents such as DMF, Furthermore, Fourier transform infrared
spectroscopy and ES|-mass spectroscopy were performed for both these supramolecular metallogels.
FT-IR spectroscopic and ESI-mass spectroscopic results clearly substantiate the possible non-covalent
supramolecular interactions among basic molecular repeating moieties, i.e., butane-1.4-dicarboxylic acid
(the low-molecular weight gelator), individual metal salts and gel-immobilized polar aprotic solvent DMF
for the construction of distinct stable supramolecular metallogel-systems. The semiconducting property
of the fabricated metallogels was ir igated. Two Schottky diodes (SDs) composed of ITO/Cd-BDA/Al
and ITO/Mn-BDA/AL in a sandwich pattern with Al serving as the metal electrode were fabricated, Both
these metallogel-based devices effectively offer significant semiconducting diode features with non-
linear J-V characteristics. The non-ohmic conduction protocol of the fabricated metallogel-based
devices was explored. Mn-BDA and Cd-BDA metallogel-based fabricated devices have rectification ratios
of 6.67 and 23.50, respectively. The gel-based diode performances were examined by observing the
voltage-dependent current density, charge transportation and rectification ratio.

1. Introduction

“Department of Physics, Jadavpur University, Kolkata 700032, India.
E-mail: parthap.ray@jadavpuruniversity.in Natural gels are highly valued in science and technology.! Gel
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interactions.” Gels can be primarily identified using the
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(ES1) available. Sce DOI: htps:/doi.org/ inversion vial test of soft-scaffolds, in which the inversion
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stabilities of semi-solid materials against gravity are being
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A semiconducting supramolecular novel
Ni(i)-metallogel derived from 5-aminoisophthalic
acid low molecular weight gelator: an efficient
Schottky barrier diode applicationf

Baishakhi Pal,i* Subhendu Dhibar,1*" Ritam Mukherjee,” Subham Bhattacharjee,”
3 Partha Pratim Ray {0 ** and Bidyut Saha () *®
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An outstanding approach for the development of a supramolecular metallogel with nickel() ion and
S-aminoisophthalic acid as a gelator (LMWG) in DMF medium has been accomplished at room
temperature. Rheological studies of the supramolecular Ni(s)-metallogel established the mechanical
compactness of the gel material. FESEM microstructural study and EDX elemental mapping showed
flake-like morphological patterns and major chemical constituents of the Nili)-metallogel. The possible
metallogel formation approach has been examined using FT-IR spectroscopic study. Moreover, the
supramolecular Ni(i)-metallogel assemblies show electrical conductivity in metal-semiconductor (MS)
junction electronic devices. The metallogel based thin film device shows an electrical conductivity of
153 x 107° S m~. Semiconductor properties such as Schottky barrier diode nature of the synthesized
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1. Introduction

Gels are often thought to consist of an elastic cross-linked
network containing a trapped liquid.' Gels are ubiquitous in
daily life; notable examples are hair gels, toothpaste, and soft
contact lenses. The field of materials science and its associated
ind ppl are ly being reinforced by
molecular self-assembly, one of the main branches of supra-
molecular chemistry.” The spontaneous self-assembly of mole-
cules produces three-dimensional frameworks known as
supramolecular gels." The gelators and solvent molecules,
which are immobilised by the gelator molecules in the 3D soft
gel scaffolds, are the two principal elements making up the
supramolecular gel.' The vial inversion test, which demon-
strates that a vial of gel remains stable against gravity, provides
the most direct primary evidence of gel formation.® The organic
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Ni(1)-metallogel based devices were explored.

and/or inorganic gelators trap various solvents, such as water
(H,0),* acetonitrile (H,C-C~N),” ethanol (CH,CH,0OH)"
methanol (CH;0H),” dichloromethane (CH,Cl,),'* deuterated
dichloromethane (CD,CL,),"" 1,2-dichlorobenzene (CgH,Cl,),"*
acetone (CH,COCH,),"" carbon tetrachloride (CCL,),"* DMF
((CH;3);NC(O)H),"* tetrahydrofuran ((CH,),0),'* dimethyl sulf-
oxide (C,H08),'” and toluene (CsH;CH,),'® to create three-
dimensional gel structures.' Polymers, such as polyester,
poly(ethylene glycol), polyolefins, polycaprolactones, and poly-
carbonates, often serve as gelators to produce a variety of stable
gel compositions.” However, low molecular weight gelators
(LMWGs), which have molecular weights under 3000, have a
strong capacity in supramolecular gel formation through the
immobilization of solvent molecules.”'** Literature is full with
various low molecular weight gelators, such as alkenes,” amides,*
modified amino acids,”™ urea,™ peptides,”” sugars,” and den-
drimers,” which have wonderful gelation properties in the
presence of different solvent molecules. Supramolecular gel
formation is the output of intriguing non-covalent interactions,
including hydrogen bonds," electrostatic interactions,"
hydrophobic** and hydrophilic forces,™ van der Waals forces,™
and aryl-system-based interactions.” Supramolecular gels have
become a vital area in materials science owing to their numerous
applications in both the academic and industrial arena, such as
catalysis,*”** lithography,” opto-clectronic devices,” electro-
chemical devices,”® chemo-sensors,™ cell culture,” drug delivery,"!
tissue engineering, and semiconductors.'

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Novel technique for fabrication of n-type crystalline silicon selective
emitter for solar cell processing
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Abstract

A new way of realizing crystalline silicon selective emitter by simultaneous formation of front side
selective emitter as well as rear back surface field (BSF) layer in rear side diffusion step has been
presented in this work, In this paper, we have demonstrated a novel technique to achieve a selective
emitter having a highly diffused region with lower sheet resistance around 30-32 2 sq " along with
peak doping concentration 7.34 x 10" atoms em ™, junction depth around 0,97 m and lightly
diffused region with higher sheet resistance around 78-80 €2 sq ™' along with peak doping
concentration 4,57 x 10" atoms em ", junction depth around 0.64 ym, These results show that
selective emitter has been formed in single diffusion process without any extra heat treatment and
chemical etching process, thus this process becomes cost effective,

1. Introduction

High efficiency crystalline silicon solar cells require a good emitter design where contact resistance and surface
recombination velocity both will be minimum i.e. emitter design should be able to collect all light generated
carriers with less surface recombination and good metal contacts with low contact resistance, Fulfilling these two
requirements at the same time is not possible in homogeneous doping emitter.

Selective emitter structure is of great importance because of its better blue response in short wavelength
region and thus enhanced light-to electricity conversion in that region, It solves the problem of trade-off
between surface recombination velocity and contact resistance, The illuminated emitter surface where light falls
and carriers generated are collected is lightly doped to reduce the surface recombination velocity which leads to
increase in both open circuit voltage (V) and short circuit current density (J1,.), and the non-illuminated
emitter surface beneath the metal finger contact is highly doped to decrease the contact resistance, which
improves the fill factor [ 1],

Many selective emitter solar cell fabrication processes involve double diffusion steps; however the major
difficulty associated with this process is the alignment-accuracy of the front side metal grid with the highly doped
emitter surface at the time of contact formation. The double diffusion technique with photolithography is used
to form high efficiency solar cells but this is very costly method [ 2, 3]

Industrial selective emitter solar cell can be formed by the coating of phosphorus containing metal paste by
screen printing in the selected portion of the emitter of a p-type erystalline silicon substrate, This process is well-
matched with common mass production technique where silver paste is used to form the front contact by screen
printing, This phosphorus contained metal paste worked as a source of direct diffusion by which the coated layer
covered region becomes heavily doped, and gas-phase out diffusion by which other region becomes lightly
doped into the substrate. This forms the highly doped area and the lightly doped area at the same time. But to
obtain target doping, concentration management is necessary for uniform diffusion [4-6].

© 2019100 Publishing Ltd
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