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Poco

The search for novel semiconductor materials and the improvement of existing
ones are major research topics in the field of materials science. Because of their
distinct material properties, compound semiconductor microsystems are rapidly
gaining popularity for use in electronic, optoelectronic and sensing applications.
These materials outperform the well-established silicon technology because of
their unique properties, such as a higher saturation velocity of electrons, operation
at high temperatures and frequencies, piezo-electricity, piezo-resistivity, variable
thermal conductivity, direct or indirect band gap, and variation of band gap (from

zero via narrow to wide).

One of the most promising nanomaterials is graphene, which consists of a single
layer of graphite or carbon atoms organised in a honeycomb lattice. Graphene is
also the best electrical and thermal conductor and has the world's highest strength-
to-weight ratio. But having some unavoidable difficulty of use, it allows rGO
(reduced graphene oxide) to make place in the field of electronics. rGO is a 2D
material with strong chemical stability, carrier mobility, and a large specific
surface area. So, Composite using rGO and compound semiconductor can have a

huge advantage in electronic device application.

On other side, the Schottky diode is a majority carrier device, i.e., electrons in N-
type material. This provides a huge performance boost over a standard diode since
it is not dependent on the recombination of holes or electrons when they enter the
opposite sort of area. Because of their low turn-on voltage, quick recovery time,
and negligible energy loss at higher frequencies, Schottky diodes are widely
utilised in electronic devices. Due to their fast switching between conducting and

blocking states, Schottky diodes are able to rectify an alternating current.

Therefore, improving future semiconductor technology requires research into the

use of compound semiconductor and rGO based nanocomposites on Schottky
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barrier device and thorough device characterization. In addition, a thorough
understanding of the metal semiconductor junction in these devices and its charge

transport properties is crucial.

Therefore, the study reported in this thesis is concerned with the method of
synthesis, the detailed characterization, and their application in thin film Schottky
barrier diodes of various compound semiconductor and rGO based
semiconducting nanocomposites. Both the charge transport and photo-response

characteristics are examined in depth.

The thesis is divided in 9 chapters and a brief discussion on the content of each

chapter 1s given below.

Chapter 1 provides a glimpse into the world of compound semiconductors and
rGO nanocomposite. This chapter provides a brief description of the research on
inorganic compound semiconductor, rGO and rGO nanocomposite. The unique
and extraordinary properties of different semiconducting materials, rGO and
rGO-nanocomposite are discussed. It also demonstrates why Schottky
barriers are such an integral feature of modern electronics. The theory behind how

Schottky barriers form has been outlined.

Chapter 2 describes the coprecipitation, hydrothermal/solvothermal synthesis
procedure. Also, characterizations techniques and their importance in
nanomaterial production is also narrated. Fabrication of sandwiched metal

semiconductor junction is concisely delineated.
Chapter 3 demonstrates the outline of the whole thesis precisely.

Chapter 4 reports the hydrothermal synthesis of reduced graphene oxide—Tin
dioxide composite (rGO—Sn0O,) and its use in a Schottky barrier diode. Results
show that combining rGO with SnO, nanoparticles boosts device performance.
The report also show how rGO can improve device performance by illustrating

the carriers' charge transfer properties. Derived diode as a photodetector is



analyzed by investigating the photosensitivity, photoresponsivity and specific

detectivity.

Chapter 5 demonstrates the temperature dependent performance of the rGO-SnO,
based Schottky barrier diode. The temperature-dependent changes in the Schottky
parameters are discussed. Due to barrier height inhomogeneities at the metal-
semiconductor interface, the Richardson constant value acquired from
experimental measurements deviates from theoretical values, which can be

explained by assuming a Gaussian distribution of the barrier heights.

Chapter 6 reports the co-precipitation and hydrothermal synthesis of Zinc Oxide
(ZnO) and their changing properties depending on synthesis procedure. The study
shows device application and the improvement in device performance for
hydrothermally synthesized material. The charge transport properties of the

carriers are also illustrated.

Chapter 7 illustrates annealing effect on hydrothermally synthesized cobalt
sulfide (CoS,). Effect of annealing temperature on device performance is also
studied. Charge carrier mobility and carrier diffusion length are extracted from
impedance analysis and current-voltage characteristics. Magnetic study and

magnetic parameter extraction is illustrated.

Chapter 8 provides the effect of the synthesis temperature on properties of
molybdenum di-selenide (MoSe,) and Schottky performance of the individuals.
Impedance analysis, ac conductivity and charge transport of the devices are also

elaborated and compared.
Chapter 9 presents a brief summary and conclusion of the entire work.
All the references in this thesis are given in the following format:

Initial and surname of the authors, Journal abbreviation, Year, Volume, Page

number.

Example: P. Das, B. Pal, J. Datta, M. Das, S. Sil and P. P. Ray, Journal of Physics
and Chemistry of Solids, 2021, 148, 109706.
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Chapter 1

An Introduction to Inorganic nano-
semiconductor and Metal-

Semiconductor (MS) interface






1.1. Introduction:

This chapter presents an overview of the physics of metal-semiconductor

devices. It is a very important aspect of the extensive research on nano-
semiconductors and MS devices that has been published to date. The physical and
chemical properties of semiconductor materials inevitably influence the
performance of semiconductor devices. This also includes topics that are directly

related to the fabrication and operation of MS device.

In last few decades, compound semiconductors, have attracted great
attention as they are inexpensive and can easily be processed by varying synthesis
conditions. Functionality of the materials can be controlled by tailoring molecular
design and chemical synthesis. Their band gap, absorption and electrical
conductivity can be varied by changing the particle sizes. Properties related to

device application can be tuned by varying their nanomorphology.

Most compound semiconductors of different structure that enables
piezoelectricity, opening up exciting possibilities for use in sensing [1, 2, 3, 4].
Compound semiconductors with other different structure have also been used as
gas sensor [5, 6], as ohmic contacts [7] in power devices [8, 9, 10], in electronic
and optoelectronic devices [11, 12], for energy conversion, energy storage and
electrocatalysis [13, 14] including solar cells [15, 16, 17], various junction based

electronic devices like FET, MOSFET [18, 19, 20, 21] etc.

1.2. World of semiconductor:

A solid substance whose conductivity (from 10 to 10* ohm™! m™) lies
between that of an insulator and that of metals, is generally called as a
semiconductor. It is a material with specific electrical properties that allow it to

serve as the basis for different electronic devices. When the carriers within a



semiconductor are depleted, a charge density is left behind, as a result generation

of an electric field and sometimes a barrier potential is occurred.

Experiments on the electrical characteristics of materials lay the
groundwork for the development of semiconductor knowledge. As early as the
19th century, researchers were able to observe the time-temperature coefficient
of resistance, rectification, and light-sensitivity features. In 1821, Thomas Johann
Seebeck discovered the first effect caused by semiconductors. In 1874, Karl
Ferdinand Braun fabricated the first semiconductor device, the crystal detector.
In the second part of the twentieth century, significant advances in electronics
have had a profound impact on our way of life and culture. The integrated circuit
(IC), made primarily of element semiconductor is a key component in this

development.

Element semiconductors, like silicon (Si) and germanium (Ge) before it
(Ge served as a precursor to Si as the first transistor material), are composed of a
single element. Elemental semiconductors include antimony (Sb), arsenic (As),
boron (B), carbon (C), selenium (Se), sulphur (S) and tellurium (Te). The most

famous of these is undoubtedly silicon because of the following reasons-

a) Due to the utilization of well-established processing procedures, the
expenses are relatively low.

b) The market for crystalline Silicon (Si) is enormous.

c) Itis quite effective.

d) Large wafers may be handled safely and damage-free because to

their hardness.
The semiconducting materials can be classified into two main categories-
(1) Intrinsic and (i1) Extrinsic type.

Pure semiconductors, also known as intrinsic semiconductors, lack any

trace of impurities or doping. A sufficient amount of impurity is added to these



semiconductors to create extrinsic semiconductors. Intrinsic semiconductors
include silicon and germanium, while there are doped with additional elements
such as aluminium (Al), indium (In), phosphorus (P), arsenic (As), etc. called

extrinsic.

In materials science, the quest for novel semiconductors and the upgrading
of current semiconductors are a crucial area of study. From the years ago silicon
1s an eminent material as a semiconductor in the field of electronics. With a lot of
advantages, it has some unavoidable drawbacks like cost, brittleness and short
life cycles. To overcome these problems a bunch of different compound

semiconductors have been discovered and yet to discover.

Compound semiconductors are the materials with semiconducting
properties that are made using more than one elemental material. They are
generated from the ionic bonding of various semiconductor types. lonic bonded
materials are insulators because of the high electrostatic interaction between the
ions. When combined with a specific set of anions and cations, their mild
electrostatic force of attraction transforms them into semiconductors. There have
been several advancements in the development and commercialization of
compound semiconductors and compound semiconductor devices in the past.
These compound semiconductors, like III-V, II-VI, and V-1V, are categorised
according to the group number of the elements that make them up in the periodic
table. Widely known III-V compound semiconductors are GaAs (Gallium
Arsenide), InP (Indium Phosphate), GaN (Gallium Nitride), and AIN (Aluminium
Nitride). Well-known I1-VI and IV-1V semiconductors are ZnSe (Zinc Selenide),
ZnS (Zinc Sulphide), CaTe (Calcium Telluride), and SiC (Silicon Carbide), SiGe

(Silicon-Germanium), respectively.

Compound semiconductors are primarily of three types. They are
inorganic, organic and hybrid (mixture of inorganic and organic compound)
semiconductor respectively. Mostly used compound semiconductor materials are

inorganic solids with crystalline structure in nature. There are two types of



semiconductors for both extrinsic semiconductor and compound semiconductor.
One is known as n type and the other one is p type. They are named with respect
to their majority carrier. Electrons play role as majority carrier for n-type where
holes take the responsibility for p-type. The electron vacancy in a material creates
a hole. Using the polarity of the Hall voltage, a semiconductor type can be

determined. Hot probe method can also be used for the same.

Variation of semiconductor materials lead to a prominent variation in their
properties. Rather than greatly used silicon, compound semiconductors come
with some advantages. They provide a faster operational speed regarding higher
electron mobility [22, 23], a successful generation of high frequency signal like
microwave signal [24, 25], and where required can operate in a low voltage as
necessary for lighter and longer lasting, low voltage batteries used for different
portable devices. [26, 27]. Besides light emission properties (visible as well as
infrared light, used in lasers and LEDs) [28, 29, 30], they are also sensitive to
light (used for photodetectors application) [31] and magnetism (useful in sensor
applications) [32, 33, 34]. Including all of above they are resistant to heat and
radiation for which they are also useful in space applications, such as solar cells
for satellites [35, 36]. Type of band gap i.e., direct or indirect band gap, variation
of band gap from zero via narrow up to wide band gap [37, 38, 39, 40],
piezoelectricity [41, 42, 43], piezo-resistivity [44, 45], variation in their thermal
conductivity, higher saturation velocity of conductive electrons, operation
possibility at higher temperature and frequencies, [46, 47] and so on are just a
few of the inherent properties of these materials that set them apart from the well-

developed silicon technology.

This chapter emphasizes on the types of important inorganic compound
semiconductor materials and physics behind the generation of metal-

semiconductor junction.

The metal oxide semiconductors are first one to discuss about.



1.2.1. Metal Oxide Semiconductors:

Metal oxides are crystalline solids composed of metal cation and oxygen
anion. In terms of their designing concepts, electronic structure, mechanisms
attributed to charge transport, different defect states, processing of their thin-film,
and various optoelectronic properties, metal oxide semiconductors are notably
distinct from typical semiconductors such as silicon and Germanium, facilitating
entirely new functions with conventional. Recent developments in metal oxide
semiconductors for electronics include the invention and characterization of all
new transparent conducting oxides [48, 49], the understanding of p-type as well
as formal n-type metal oxide semiconductors for transistors [50, 51, 52, 53], p—n
junctions [54, 55], MS (metal-semiconductor) junctions [56], and complementary
circuits, formulations for printing metal oxide electronics, and, most importantly,

an initial alternating electrode material for photovoltaic devices [57, 58].

Metal oxide semiconductors are two types according to their chemical
properties- (1)Basic Oxides and (i1)) Amphoteric Oxides. Sodium Oxide (Na,O),
Calcium Oxide (CaO), Barium Oxide (BaO) are few examples of basic oxides,
where Gallium Oxide (Ga;0O3), Aluminium Oxide (Al,O3), Zinc Oxide (ZnO), Tin
(IV) Oxide (Sn0O;) etc. are belongs to the category of Amphoteric Oxides based
semiconductor. In consonance with occurrence of major and minor carriers, they

are divided as (a) n-type and (b) p-type.

Various characteristics of two n-type amphoteric oxides SnO, and ZnO are

discussed here with, which are taken under investigations.

1.2.1 (a) Tin (IV) Oxide (Sn0>):

Tin (IV) oxide, also named as stannic oxide, is a chemically stable metal
oxide compound with the chemical formula SnO,. Stannic oxide forms crystals
with rutile structure. The Tin atoms have six coordinates and oxygen atoms have

three.



Figure 1.1: Rutile structure of SnO2 [ Gray Tin Red Oxygen, adapted from wikipedia]

It is an n-type wide band gap semiconducting material with a direct-
bandgap about 3.6 eV [59, 60] for bulk. SnO, has reported a bulk carrier
mobility nearly 240 cm? V~!s™! [61] which is much higher than the mobility of
many metal oxide semiconductors such as Titanium Oxide, Cupric Oxide, Cobalt
oxide etc. It has various applications in industrial polishes, glass and ceramic
coatings, a broad range of construction materials, lithium-ion batteries and gas

sensor devices [62, 63].

1.2.1 (b) Zinc Oxide (Zn0):

Zinc Oxide 1s a chemically stable metal oxide compound with the chemical
formula ZnO, is another n-type metal oxide semiconductor with a tetrahedral
configuration of bonding. In this type of bonding configuration an anion is
bounded with four cations at the corners of a tetrahedron acquiring the sp’
covalent bonding. There are two primary crystallization forms of Zinc Oxide:

hexagonal wurtzite and cubic zincblende.



Figure 1.2: (a) Hexagonal wurtzite and (b) Cubic zinc blende Structure [adapted from

wikipedia]

As an important compound, it can be called a multifunctional material due
to its unique chemical, physical, electrical and optical absorption properties. The
material has a wide direct band gap (about 3.3 e¢V) and a high exciton binding
energy (60 meV) [64]. Positive characteristics of zinc oxide like high electron
mobility, strong luminescence at room temperature make it valuable for a number
of emerging applications, including transparent electrodes in liquid crystal
displays, gas sensing, energy-efficient or heat-resistant windows, and light-

emitting diodes in electronics [65, 66].

In similar way another two inorganic compound semiconductor CoS, and
MoSe,, of metal chalcogenides group, are used in my experimental work, are

discussed below.

1.2.2. Metal Chalcogenides:

Metal chalcogenides are another type of inorganic chemical compound
consist of at least one chalcogen anion and at least one more electropositive
(called cation) metal element. While oxides and polonium compounds also
belong to the VIA group, sulphides, selenides, and tellurides are most commonly
referred to as metal chalcogenides. This is because the metallic nature of the

elements rises as the Periodic Table's VIA group goes down [67]. Thus, oxygen's



extremely strong non-metallic qualities and Polonium's (Po) strong metallic
properties distinguish them from the other three members (S, Se, Te) of the group.
Therefore, the chalcogenide class may be described as semimetal. There are
numerous metal chalcogenides with various structures and chemical
compositions. Due to their potential utility in numerous technological
applications, metal chalcogenides have emerged as a significant class of
materials. Metal chalcogenides are a diverse class of 2D materials that naturally
avoid graphene's gapless nature. The diverse composition, tuneable crystal
structure and unique morphology enrich them with exceptional physical,
chemical, electronic and optical properties. These differences make them
favourable for a variety of applications, as for field of electronics/optoelectronics,
catalysis, in energy storage devices and for energy conversion, in different type

of sensors, in biomedicine, and water remediation [68, 69, 70].

1.2.2. (a) Cobalt di-sulphide (CoS>):

In recent years, Cobalt di-sulphide of chemical formula CoS,, a metal
chalcogenide with pyrite structure has greatly noticed due to its efficient
application in catalysis, as semiconductor, and magnetic materials, in lithtum-ion
batteries, and many more fields [71]. It is known that CoS, possesses higher
electrical conductivity about 6.7x10° Sm™! [72] and thermal stability compared
to other metal sulphides. The wide range of tuneable direct band gap of 2.76 eV
[73] for the material indicates that it can be used in the fabrication of optical and

photonic devices also [74].



Figure 1.3: Pyrite structure [adapted from wikipedia]
1.2.2. (b) Molybdenum di-selenide (MoSe>):

Molybdenum di-selenide (MoSe,), a metal chalcogenide with a variety of
promising applications in electrochemical, photocatalytic, and optoelectronic
systems, is another interesting member of this family. This is because it has
several benefits over other metal chalcogenides, including the popular
molybdenum disulfide (MoS;). The ability of MoSe, to host counterions in
electrochemical energy storage systems like lithium-ion and sodium-ion batteries
arises from the combination of its layered structure with Se's size and electrical
conductivity [75]. The metal ion in these compounds is surrounded by six Se?”
ions. The electron mobility 50 cm? V157! [76] of MoSe; is significantly higher.
MoSe; has a direct band gap of 1.6 eV [77], suggesting applications in different

electronic devices [78].

Figure 1.4: Molybdenum di-selenide (a) monolayer (b) multilayer structure [adapted from

wikipedia]
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To improve the overall device performance making of semiconductor,
several attempts of making composite of the preferred semiconductor with
graphene is becoming a great area of interest from the day of its revealing. Khan
etal. (2015) conducted a comprehensive study of graphene-based metal and metal
oxide nanocomposites, discussing their synthesis, characteristics, and
applications. Both top-down and bottom-up approaches were used in the various
preparations [79]. There is a lot of room for growth in the electronics,
electrochemical, and electrical domains for graphene-based inorganic
nanocomposites. Three-dimensional graphene-based composites were
synthesised and used in various applications, as reported in 2016 by Shi et al.
[80]. They talked mostly about how to make them and how they can be used as
electrode materials for energy storage and conversion. Simultaneously, Pham et
al. summarised the use of hybrid graphene-semiconductor quantum dot

photovoltaics and photodetectors [81]. But then again, the question is...

1.3. What is graphene?

Graphene is a two-dimensional (2D) material which is basically a
monolayer of carbon atoms. In this material the carbon atoms are ordered such
that a hexagonal honeycomb lattice is formed. It is a different form of carbon in
which a plane of sp?-bonded atoms exists having an inter-molecular bond length
about 0.142 nanometres [82]. Compounds with thin layers of graphite were
reduced and burned to create soot by Boehm and colleagues. Having only one
carbon layer, these items were given the term "graphene platelets" in 1944. It was
first exfoliated from graphite by Andre Geim and Konstantin Novoselov in 2004.
Graphene's exceptional physicochemical characteristics set it apart from other
materials. These characteristics include a huge surface area (2630 m?/g), high

tensile strength, outstanding thermal conductivity, and rapid electron transport

11



[83, 84, 85]. There's no denying that graphene has been at the forefront of

materials science for a number of years, and that trend shows no signs of abating.

Molecular bond

Carbon atoms l

N

~0.142 nm

Figure 1.5: Schematic image of graphene

1.3.1. Hurdles in using pristine graphene:

Current graphene production methods, both top-down and bottom-up, are
costly, energy- and resource-intensive, and produce too little material, too slowly.
As an excellent electrical conductor, graphene cannot be turned off. In this

concern my research work has been performed with reduced Graphene Oxide.

1.3.2. Advantage of reduced graphene oxide (rGO):

Reduced Graphene Oxide (rGO) is less expensive and simpler to produce
than graphene although it shows graphene-like behaviour; therefore, it may enter
mass production and use sooner. Because of its heterogeneous structure, which
consists of a graphene-like basal plane adorned with structural flaws and
inhabited with patches containing oxidised chemical groups, it shares the same
mechanical, optoelectronic, or conductive capabilities as pure graphene. Also,
rGO can be readily combined with various polymers and other materials to
improve the tensile strength, elasticity, conductivity, and other properties of

composite materials [86, 87, 88, 89].
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Figure 1.6: Schematic image of rGO

1.3.3. Synthesis of Reduced Graphene Oxide:

The reduction of graphene oxide (GO) is considered to be an attractive
route to obtain reduced graphene oxide. GO can be prepared through the
exfoliation of graphite powder as suggested in modified Hummer's method [90]
and proceeding a reduction with hydrazine hydrate (reducing agent) to produce
rGO. Thermal reduction of GO can also be adapted using high temperature
(350°C) treatment [91]. Other procedures for reduction of GO are UV irradiation

and microwave assisted method [92].

1.3.4. rGO-nanocomposite with inorganic semiconductors:

Typically composites of reduced graphene oxide (rGO) and other
materials, including metals and metal oxides, have been prepared using a variety
of methods. upon combining graphene nanosheet with some inorganic
semiconductors, the zero-gap shortcomings could be significantly reduced or
eliminated. rGO can be patterned with size constrictions to create an electronic
band gap. Many inorganic semiconductors have been reported as compatible to
form composites with graphene but the compatibility of these materials with
graphene depends upon the synthesis procedure of graphene. It has significant
effect on charge transport properties of the composite materials. Typically, in an
inorganic semiconductor, charge carriers are activated under light irradiation [93,

94, 95]. The ensuing electronic interactions between graphene and the

13



semiconductor will facilitate efficient charge separation and transportation [96,
97, 98]. In the composite graphene works as the electron conductor which inhibit
fast recombination of electron and holes. P. Wang, J. Wang and others has reported
enhanced photocatalytic activity of TiO, after rGO addition [99]. K Wang, X
Dong and authors has reported superior cyclability in supercapacitor made of rGO
nanocomposite [100]. M. Azarang, A. Shuhaimi also reported about improvement
in photocurrent due to rGO addition [101]. The enhanced field emission

behaviour also observed for the rGO nanocomposite [102].

In this art of work, a nanocomposite of SnO; along with rGO is used as

exploring material.

1.3.4.1. rGO/SnO; nanocomposite:

Several articles on the production and use of SnO,-rGO nanocomposites
have been published to date. There are lots of reported paper on different
applications of the SnO,/rGO heterostructure like gas sensing performance [103,
104], photocatalytic capabilities [105], Lithium-ion batteries [106, 107], Medical
science [108] etc. In my experimental endeavour SnO, composited with rGO

which results improvement in adsorption.

1.4. Nanomaterial/Nanocrystal:

In recent past nanomaterials have attracted a huge attention mainly because
of the property tuning, that is not possible in bulk materials and there is a possible
appearance of quantum effects at the nanoscale. Nanotechnology was first
proposed in 1959 by Richard Feynman, an American physicist and Nobel
laureate. Feynman delivered a talk titled "There's Plenty of Room at the Bottom"
at Caltech for the American Physical Society meeting. In 1974, fifteen years after
initial proposal, Japanese scientist Norio Taniguchi used the term as

“nanotechnology” and defined it as "the processing of separation, consolidation,
gy p g p
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and deformation of materials by one atom or one molecule." [109]. Many benefits
of nanomaterials over bulk materials stem from their many unique physical and
chemical characteristics, including their extremely high surface-to-volume ratio,
extreme porosity, and unusual chemistry. Their small size makes them ideal for
use in electronics, and they can also be put to use in the removal of harmful
substances from the environment by binding to them. Nanocrystals possess also
unique optical, electrical, and magnetic properties that cannot be found in their
bulk counterparts. They are more conductive than their larger-scale (called bulk)

counterparts.

A crystal 1s distinguished by its well-structured, periodic arrangement of
atoms. A nanocrystal is a microscopic particle comprised primarily of crystalline
components and with at least one dimension smaller than 1000 nano-meters
exhibiting novel nanoscale physical and chemical characteristics. Nano-powder
is just one form of nanomaterial; others include nanofilaments, nanotubes,
nanowires, nanocables, nano-thin film, dendrimers, quantum dots, composite
materials, and many more [110]. Most of the nano-dynamics are governed by the

understanding of terms: crystallites, grain and particle.

1.4.1. Crystallite, Grain and particle:

Crystallite is the smallest - most likely single crystal in powder form. Grain
refers to the volume of a material within which the crystal structure and the
orientation of the crystal is same. A grain can be formed with a single crystallite

or a bunch of crystallites. A particle may have one or more grains within it.
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Figure 1.7: Schematic diagram of a particle

1.4.2. Size and shape of nanomaterials:

Nanomaterials can be divided into four distinct groups based on their size
and shape: (1) zero-dimensional (0D) clusters and particles, (2) 1D nanotubes and
nanowires, (3) 2D nanoplates and layers, and (4) 3D bundles of nanowires,
nanotubes, and multi-nanolayers [111]. They come in a wide variety of shapes
and sizes, including spherical, tubular, ellipsoidal, and irregular, and can exist

singly, fused, aggregated, or agglomerated.

1.4.2. (a) Zero-dimensional nanomaterial.:

In the context of nanotechnology, spheres of nanoparticles are the universal
symbol for 0D nanomaterials. Nanoscale cubic and polygonal shapes are also
included in this category. Amorphous, single-crystalline, and polycrystalline
forms are all possible. This category encompasses all nano-sized uniform
materials, including molecules, different clusters, fullerene and fullerene like
structures, rings, particles, and grains. Examples of this category include
nanoparticles of metals like silver and gold nanoparticles, quantum dots having
uniform arrays of particles or with core-shell, heterogeneous particle arrays,
hollow spheres, and nano-lenses [112, 113, 114, 115]. They come in a wide variety

of ceramic and polymeric materials, shapes, and sizes.
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1.4.2. (b) One-dimensional nanomaterial:

Needle-like in appearance, 1D nanomaterials are nanometer-sized in two
dimensions but much longer in the third (>100 nm). Most 1D nanomaterials can
be categorised as either carbon nanotubes (CNT), metal or metal oxide nanowires,
nanowires or nanofibers nanowires or nanofibers with polymeric structure, or a
hybrid material [114, 115, 116]. The high-aspect-ratio structural feature of 1D
nanomaterials, combined with their exceptional mechanical, electrical, and

optical capabilities, gives these materials a distinct edge.

MeSoporous
nanosheet PO
structure

metal organic
framework
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yoke@she nanotu nanoplate Aisably

Figure 1.8: Different nanocrystal structure [reference no:111]

1.4.2. (¢) Two-dimensional nanomaterial:

The dimensions of two-dimensional (2D) nanomaterials, which are
typically atomically thin sheets, are not limited to the nanoscale. Two-
dimensional nanomaterials typically take the form of nanofilms, nanolayers, or

nano-coatings due to their flat, plate-like structures.
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Graphene, a single carbon layer in the honeycomb structure of graphite, is

the most recent member of this class [114, 115].

1.4.2. (d) Three-dimensional nanomaterial:

Nanomaterials that extend into the third dimension are said to be 3D
nanomaterials. They have three dimensions over 100 nm that are completely
arbitrary. On the other hand, 3D nanomaterials involve a nanocrystalline structure
or nanoscale characteristics [115, 117]. Bulk nanomaterials can have a
nanocrystalline structure that consists of a variety of configurations of nano-size
crystals with varying orientations. 3D nanomaterials can include a wide variety
of nanoscale properties, including nanoparticle dispersions, nanowire and

nanotube bundles, and multi-nanolayer structures.

As the main objective of this chapter is to illustrate the understanding of
the behaviour of metal-semiconductor junction, consequently there should have

some discussion on following topics in vivid manner.

1.5. Different Junction formation:

Wherever two or more conductors or semiconductors come together,
electrical junctions form. Primarily junctions can be classified by (1) Metal-

Metal, (2) Semiconductor-Semiconductor and (3) Metal-Semiconductor.

In solid-state physics, a metal-metal (M—M) junction is a type of electrical
junction in which a metal with a certain work function (¢m,;) comes in close
contact with another metal of different work function (¢m2). An electric double
layer with opposite charges is risen in this type of junction. At equilibrium a
contact potential is developed which is simply the difference between two work
functions. Peltier effect and Seebeck effect are important effects correspond to
M-M junction. Additional heat generation in M-M junction has made it also called

as thermoelectric junction.

18



A Semiconductor-Semiconductor (S-S) junction is a semiconductor
interface that occurs between layers of similar semiconductor with different
doping or different semiconductors. As define above, there is clearly two types of
S-S junctions (i) Homojunctions and (i1) Heterojunctions. A homojunction arise
between layers of same semiconductor having different doping (i.e., type of
doping or concentration of doping or both). The junction between two layers or
regions of different semiconductors is called a heterojunction. A depletion layer

is found in every S-S junction.

The rest is metal-semiconductor junction which is the important part of my

research methodology, is elaborated accordingly.

1.5.1. Metal Semiconductor Interface:

A metal-semiconductor (M-S) junction is a specific form of electrical
junction that occurs when a metal and a semiconductor are in physical contact
with one another. As far as known, this is the first ever semiconductor device.
Metal-semiconductor (M-S) junctions can behave as either Schottky contacts
(rectifying) or as Ohmic contacts (non-rectifying), depending on the interface
properties. Interfaces between metal and semiconductor may be found almost
everywhere in contemporary electronics. Current can flow in both directions
between the metal and the semiconductor through an Ohmic contact, which is a
low-resistance junction that does not undergo rectification. Theoretically, the
relationship between the applied voltage and the resulting current should be linear
with instantaneous reaction to even the smallest voltage. Ohmic contacts come in
two varieties: The ideal nonrectifying barriers and the tunnelling barriers. After
reaching thermal equilibrium, electrons will begin to flow from the metal into the
lower energy levels of the semiconductor in ideal nonrectifying barrier kind of
contacts. If a positive bias was provided to the metal portion, these electrons
would flow back into the metal portion unimpeded. When a negative bias is

applied, electrons are pushed from the metal into the semiconductor despite the
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low barrier they encounter. However, the tunnelling probability through the
barrier is enhanced by increasing the doping concentration in a semiconductor,

which reduces the depletion zone.

1.5.1.1. Schottky Barrier Diode (SBD):

A metal-semiconductor diode having a small forward voltage drop and
quick switching action, called the Schottky diode, goes by a few other names as
well like hot carrier diode or low voltage diode. Because of its ability to prevent
current from flowing in the opposite direction, the Schottky diode is often utilized

as discharge protection and called blocking diode.

1.5.1.2. History of SBD:

Braun, who in 1874 observed how the total resistance of a point contact
depends on the polarity of the applied voltage and on the particular surface
characteristics [118], is generally credited as conducting the first systematic
examination into metal semiconductor rectifying devices. Beginning in 1904
[119], J. C. Bose and others put the point contact rectifier to use in a variety of
contexts. Wilson developed the semiconductor transport theory in 1931 [120]
using concepts from the solid-state band theory. The concept is then used to
explain the behaviour of metal-semiconductor interactions. Without a chemical
layer, Walter H. Schottky hypothesised in 1938 that the potential barrier may be
generated by stable space charges in the semiconductor itself [121]. The Schottky
barrier model is based on this thinking. Mott also created the Mott barrier, a more
accurate theoretical model for swept-out metal-semiconductor interactions, in the
same year [122]. Bethe refined these models further in 1942 to create the
thermionic emission model, which successfully captures the electrical behaviour
of metal semiconductor contacts [123]. Bardeen [124] proposed in 1947 that the
barrier height of a covalent semiconductor may be fixed by pinning it at the Fermi

level. This theory is useful in many real-world examples because it explains why
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the barrier heights of Schottky diodes were not always governed by the variations
in the metal semiconductors' work functions. The tunnelling process of the
carriers, known as field emission, was first described by Conley et al. [125] and
Stratton [126] in the early 1960s. The tunnelling process of thermally excited
carriers lifting the barrier was later considered by Padovani and Stratton, Crowell
and Rideout, and Chang and Sze [127, 128, 129]. Finally, Crowell and Sze
integrated Schottky's diffusion theory with Bethe's thermionic emission theory to
establish a single thermionic diffusion model [130].

1.5.1.3. Applications of Schottky diode:

Schottky diodes are the favoured rectifying devices for use in circuit
applications demanding high current and low voltage [131]. Schottky diodes can
be used as quick switches in digital logic systems [132, 133, 134]. In optical
communications and optical measurements, high-speed Schottky photodiodes are
used [135, 136]. Low-cost solar cells based on Schottky junction technology are
also in use [137, 138]. In addition, metal-semiconductor contacts play crucial
roles in many electronic devices, including as field-effect transistor gate
electrodes, MOSFET drain and source contacts, IMPATT oscillator electrodes,
and the third terminal in a transferred-electron device [139, 140, 141, 142, 143,
144, 145].

1.5.1.4. Advantages of Schottky diode:

Because of their low capacitance and status as majority carrier devices,
junction-based devices benefit greatly from rapid switching times. When
switching from the conducting to the nonconducting state, Schottky diodes have
an extremely fast reverse recovery time. The reversal of current in a p-n junction
takes 5-100 ns. In comparison, Schottky diodes often flip on and off in less than
1 nanosecond. Also, its fast-switching speed doesn't allow the diode to reach

saturation, which makes the Schottky diode useful for high-frequencies and
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digital applications. Low forward voltage drop is another useful property of a
Schottky device. In contrast to a p-n junction, the barrier height in a Schottky
diode can be adjusted throughout the design process. The Schottky junction has

this benefit over the p-n junction as well.

The transport behaviour within this junction-based device is ruled by the

energy band and the Fermi energy level.

1.5.1.5. Fermi level:

The Fermi Level is the point of highest energy that an electron can have at
zero Temperature. Probability of electron occupancy at various energy levels is
defined by the Fermi level. It is easier for valence electrons to move into the

conduction band if the Fermi level gets closer to the energy of conduction band.

In conductors, the Fermi level is located in the conduction band, in
insulators in the valence band, and in semiconductors in the band gap between

conduction and valence band.

1.5.1.6. Dynamics of Schottky interface:

Occurrence of rectifying contact in metal semiconductor junction depends
on the position of Fermi level in both metal and semiconductor, and the type of
semiconductor (n-type or p-type). The work function of any material is
determined by the energy required to shift an electron from Fermi level (Er) to
vacuum level (Eo) or simply the net energy difference between the Fermi level
and the vacuum level. The work function is different for various metal and
semiconductor. If the work function of the n-type semiconductor (¢s) is less than
the metal work function (¢n) 1.€., if ¢s< ¢ then the contact would be rectifying in

nature. And for the p-type they should satisfy the condition ¢ps> .
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1.5.1.7. Conduction mechanism with band theory:

Energy band diagram concept is used to understand the current conduction
mechanism of Schottky barrier. Figure 1.9 shows the ideal band diagram of n-
type semiconductor and metal having work function ¢sand ¢, respectively, before
and after close contact. At the metal-semiconductor (M-S) interface, a potential
barrier will be formed when the metal makes intimate contact with the
semiconductor. The potential barrier is caused by the separation of charges at the
metal-semiconductor interface, which results in the formation of a mobile-carrier-
depleted, high-resistance region in the semiconductor. Schottky and Mott
introduced the first model to explain the height of the barrier. Figure 1.9(a)
clearly shows that work function of metal is higher than semiconductor, where
vacuum level is considered as reference level. Although the work function of a
semiconducting material is a variable quantity as the position of Fermi level in
the semiconductor varies with doping, doping has no effect on a semiconductor's
electron affinity. Typically, the work functions and electron affinities are in

electron volt (eV).

Metal Vacuum Level Semiconductor Vacuum Level
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Figure 1.9: Electron energy band diagrams of metal contact to n-type semiconductor with ¢m
> ¢s (a) Neutral materials separated from each other and (b) thermal equilibrium situation after

the contact has been made
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After intimate contact in thermal equilibrium (Figure 1.9b), the higher-
energy electrons from the semiconductor's conduction band (CB) flow into the
lower-energy metal. This exchange will continue until both sides' Fermi levels
are equalised. As electrons leave the semiconductor and enter the metal on the
other side of the border, the concentration of free electrons in the semiconductor
zone declines. The gap between the conduction band edge Ec and the Fermi level
Er widens as the electron density falls. Figure 1.9(b) depicts the upward bending
of the CB edge as a result of the constant Fermi level at thermal equilibrium. The
semiconductor region next to the metal loses mobile electrons as a result of the
CB electrons, crossing over to the metal and a positive charge of ionised donors
1s left behind. Hence, the semiconductor side of the interface takes on a positive
charge and a tiny layer of negative charge forms on the metal side. This leads to
a rise of semiconductor-to-metal electric field. Since the semiconductor's band
gap 1s unaffected by metal contact, the VB edge Ev shifts upward in tandem with
Ec. Since the semiconductor's electron affinity is not variable, the vacuum level
tracks changes in the same way as conduction energy level at semiconductor side.
In order to maintain uniformity, this vacuum eventually approaches the vacuum
level of metal side. Therefore, the difference between the two vacuum levels
corresponding to metal and semiconductor side is equivalent to the difference
between the work functions of two, and so the amount of band bending is simply
equal to this difference. The value of this difference is given by qVui = (¢m — ¢s)
where Vy; represents contact potential difference, also known as built in potential
of the junction and is expressed in Volt. A semiconductor electron entering a metal
must, of course, overcome this potential barrier. However, looking through the

metal into the semiconductor results in a different barrier, which is given by

Op = Om — Xs (1.1)
From figure,
Os = Xs + Dn 1.2)
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So,

Bp = qVpi + Dn (1.3)
Where ¢, = (Ec - Er) and q is the electronic charge.

Equation (1.1) was stated by Schottky and independently by Mott.

In a state of equilibrium, no net current flows because the rate at which
electrons cross the barrier from the metal into the semiconductor is equal to the

rate at which electrons cross the barrier from the semiconductor into the metal.
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Figure 1.10: Electron energy band diagrams of rectifying metal contact on n-type

semiconductor. (a) Thermal equilibrium situation; (b) forward bias; and (c) reverse bias

When the metal is biased positive against the semiconductor by a voltage
of Vg, the width of the depletion region at MS interface decreases leading a
reduction of the voltage across this region from Vy; to (Vui-Vr) [Figure 1.10(b)].
Since the barrier for semiconductor-side electrons has been lowered, more
electrons can move from the semiconductor to the metal than they could during
thermal equilibrium. However, this bias voltage does not affect ¢,. This means
that the equilibrium level of electron flow from the metal to the semiconductor

remains constant. With a negative bias, electrons will flow from the
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semiconductor into the metal, creating a current that will flow from the metal into
the semiconductor. The junction is then said to be forward biased. As voltage Vg

is raised, the forward current rises exponentially.

The potential drop across the depletion area grows to (Vi + Vi) when the
semiconductor is positively biased with respect to the metal by a voltage V= -Vx.
Therefore, the equilibrium value of the electron flow from the semiconductor
towards the metal is dropped below, but the electron flow from the metal side is
unaffected. This triggers a reversal in the direction of the current flow, from the
semiconductor to the metal. When compared to the forward current, this current
i1s obviously negligible. This means the MS contact acts like a rectification

junction.
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Figure 1.11: Electron energy band diagrams of metal contact on n-type semiconductor with ¢m
< ¢s (a) Neutral materials separated from each other; (b) contact under thermal equilibrium; (c)

negative bias on the semiconductor; and (d) positive bias on the semiconductor.
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Only n-type semiconductors, where ¢s < om, fit the aforementioned
description. For an n-type semiconductor with ¢, < ¢s, the electron energy band
diagrams are depicted in Figure 1.11. The energy bands for isolated substances
are depicted in Figure 1.11(a). Electrons accumulate on the semiconductor side
of the CB after the contact as they flow from the metal into the semiconductor.
This leaves the metal positively charged. As can be seen in Figure 1.11(b), when
equilibrium is established, the Fermi level in the semiconductor is increased by a
value (¢s — ¢m). The semiconductor's accumulation layer charge is effectively a
surface charge since it is limited to a very thin layer, on the order of the Debye
length. The positive charge on the metal side is also a surface charge due to the
extremely high electron concentration in the metal. There 1s a higher
concentration of electrons close to the interface, and the bulk semiconductor has
the highest resistance in the system. As can be seen in Figure, the majority of the
applied voltage is distributed across this large area. For the two current flows, in
Figure 1.11(c) and 1.11(d), this makes the resistance of the bulk region the
determining factor in the current, rather than the orientation of the bias. An ohmic

contact is a common term for such non-rectifying contact.

The inverse phenomena are applicable for a contact between a metal and a
p-type semiconductor. From Figure 1.12(a), electrons flow from the metal into
the semiconductor when the contact is made, bringing the Fermi levels of the two
materials into phase. In a p-type semiconductor, these electrons constitute a small
fraction of the total carriers. They recombine with holes once they reach the
semiconductor, giving birth to an ionised acceptor layer in the space charge
region, as shown in Figure 1.12(h). When compared to the acceptor

concentration, the density of holes in the space charge area is extremely low.
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Figure 1.12: Electron energy band diagrams of metal contact on p-type semiconductor with ¢m
< ¢s (a) Neutral and separated materials and (b) thermal equilibrium situation after the contact
has been made

Therefore, a depletion layer with thickness Wy, proportional to the number
of ionised acceptor atoms can be found on the semiconductor side of the space

charge area. From above figure the hole barrier height is

Op = xs+E;— Om (1.4)

where E, 1s the band gap of the semiconductor.

From equation (1) and (4)

o5 + 0p = E, (1.5)
As discuss in the above section for n-type semiconductor, it can be shown

for p-type semiconductor that the junction is non-rectifying for ¢m > ¢s. Typically

the junction between metal and p-type semiconductor cause a smaller barrier

height and also rarely used in practical devices as the majority carriers in p-type

(holes) are heavier than electrons that causes more energy to drive a hole in device

resulting a poor performance.

Practical MS contacts don’t obey the ideal theory. Particularly the barrier

height does not increase linearly with increase of the metal work function, as
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expressed in equation 1.1. Only ionic semiconductors obey equation 1.1. But in
many of covalent semiconductors the barrier height is less dependent of metal
work function. However, in some cases it is almost independent of ¢,,. These facts

led to a modification in Schottky theory.
1.5.1.8. Modifications to Schottky Theory:

Bardeen, was the first to explain why barrier height is independent of metal
work function in covalently linked semiconductors by emphasising the role of
localised surface states in this process [124]. The semiconductor's surface marks
the end of the crystal lattice's periodicity. On the semiconductor side of a covalent
crystal, the surface atoms have neighbours with whom they can form covalent
bonds. However, there is no such neighbours to create covalent bonds, on the
vacuum side i.e., only one broken covalent bond, having only one electron is
present in each surface atom. These bonds are called dangling bonds. Energy
levels in the forbidden gap are generated at the semiconductor surface due to
dangling bonds. These surface states, typically denoted by the neutral level ‘0’,
are continuously distributed in the band gap. This neutral level is located in such
a way that all of the semiconductor's states are filled with electrons up to ‘0’ in

the absence of band bending, rendering the surface electrically neutral.
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Figure 1.13: Electron energy band diagrams of n-type semiconductor with surface states. The
diagrams show (a) flat band at the surface, (b) surface in thermal equilibrium with the bulk,

and (c) semiconductor in contact with a metal

29



Donor states are those below ¢, which are unaffected by occupancy and
produce a positive value while unoccupied. The states above ¢ obviously act like
acceptors. The number of surface atoms and the number of surface states are
proportional on clean surfaces of covalent semiconductors. A significant
reduction in density may occur if absorbed layers of foreign atoms repair the

broken covalent connections.

The height of the barrier is affected by how the surface states change the
charge in the depletion region. In Figure 1.13(a), the electron energy band
diagram for a flat-band n-type semiconductor is shown. Non-equilibrium exists
until the surface Fermi level is equal to the bulk Fermi level and electrons from
the neighbouring semiconductor are in states above ¢. The semiconductor region
close to the surface is then ionised, creating a depletion layer of ionised donors,
and the surface becomes negatively charged. This dipole creation results in a
potential barrier, as seen in Figure 1.13(b), when gazing from the surface into the
semiconductor. The Fermi level in the semiconductor must vary by an amount
equivalent to the contact potential through charge exchange with the metal when
equilibrium is established. Metal-surface state interactions dominate charge
transfer if the density of surface states at the semiconductor surface is very
considerable, while the space charge in the semiconductor is hardly impacted. In
this case as shown in Figure 1.13(c), the barrier height becomes independent of

metal work function and can be expressed as
Op = E4 — @9 (1.6)

Barrier height is ‘pinned’ here by surface states.

1.5.1.9. Interfacial layer in Schottky junction:

During surface preparation of a highly polarizable semiconductor, there is
always some residual insulating layer on the semiconductor's surface. This layer,

also known as interfacial layer must have much lower thickness (< 20A) for a
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satisfactory Schottky contact. The energy band diagram of an M-S contact having
a formation of insulating interfacial layer on the semiconductor surface prior to

metal contact is shown in Figure 1.14.
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Figure 1.14: Electron energy band diagram of a metal-semiconductor contact with surface

N

states and interfacial layer

As was previously said, the vacuum level is continuous throughout the
interface, where the Fermi level is uniform throughout the system. Since this layer
1s believed to be a perfect insulator with no charge, a linear decrease in potential
across the interfacial layer is clearly seen in Figure 1.14. The vacuum level is

thought to be below the insulator's conduction band's lower edge.

For a very thin interfacial layer (i.e., < 20 A) voltage drop across this layer
1s low enough to make it negligible with respect to the voltage drop due to the
depletion region of the semiconductor. This type of interfacial layer allows
electrons to tunnel through it in both directions, making itself effectively
transparent to electrons. For these reasons, the existence of a thin interfacial layer
has essentially little effect on the barrier height or the contact potential difference

of the Schottky junction.

Clean intimate connections are more difficult to analyse theoretically than
contacts with a small insulating layer between the metal and semiconductor. This
is because the metal and semiconductor can be considered as independent systems

in presence of an insulating layer. Then, any changes in the surface dipole
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contributions to the work functions of the metal and the semiconductor can be
disregarded, and the interface states can be considered a property of the specific
semiconductor-insulator combination. Obviously, these simplifications can't be

made when clean contacts are involved.

1.5.2. Theories govern carrier transport within M-S junction:

Unlike p-n junctions, where minority carriers are responsible for current
transmission, metal-semiconductor interactions rely mostly on majority carriers
to carry current. There are five basic transport processes in a M-S junction diode-
(1) emission of electrons (majority charge carrier) from the side into the metal
part over junctional potential barrier, (2) quantum mechanical tunnelling of
majority carriers through the junctional barrier, (3) recombination occurs from
electron hole pair in the space-charge region, (4) electron diffusion in the
depletion region, and (5) injection of holes from the metal part that diffuse in the

semiconductor side.

The current flow in typical high-mobility semiconductors can be explained
by the thermionic-emission theory, while the diffusion theory can be used for low-
mobility semiconductors. There is also a generalized theory obtained from these
two which is named as thermionic-emission-diffusion theory. However, for
heavily doped semiconductors and/or for lower operating temperature of the
device, contribution of tunnelling current gets more significance and taken into

consideration with thermionic emission current.

1.5.2.1. Thermionic-emission (TE) theory:

The word “thermionic™ is related to the emission of charged particles like
electrons (called thermions) from materials at high temperature. Thermionic

emission, also known as the Edison effect, is the release of thermions from the
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surface of a charged substance when the vibrational energy of heat overcomes the

electrostatic attraction of the electrons there.
Owen Willans Richardson, a British scientist, started researching what

would become known as "thermionic emission" after J. J. Thomson's 1897

discovery of the electron [146].
The necessary criteria for the thermionic emission to be the controlling

mechanism is that the collision or the drift-diffusion process with barrier layer to

be negligible (Fig. 1.15).
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Figure 1.15: Energy band diagram showing thermionic emission of electrons over the barrier

Bethe has proposed his hypothesis of thermionic emission- (i) the barrier

height is >>kT, (i1) the plane that determines emission is in thermal equilibrium,

and (111) the presence of net current flow does not affect this thermal equilibrium.

According to these assumptions, the two respective current fluxes, i.e., one
from the direction of metal to semiconductor and the other from the side of

semiconductor to metal, each have their own quasi-Fermi level, and may be

simply superimposed.
According to Fermi-Dirac statistics, above the conduction band edge, the

density of electrons in n-type substrate drops exponentially. The density of

carriers at non-zero energies is not zero at any non-zero temperature. The integral

of the number of carriers that are above the barrier height is of particular
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importance here. These newly formed carriers contribute to the thermionic
emission current because they are no longer trapped by the barrier after being

created thermally.

The total current density,

J = Jrelexpi—1] (1.7)

Where the saturation current density for thermionic emission,
— A*T2 —q%p
Jre=AT exp |-~ (1.8)

Here q, k, T, and A* are electronic charge (i.e., charge of one free electron =
1.602x10" Coulombs approx.), Boltzman constant (=1.380649x1072* J-K™),
operating temperature at absolute scale, and modified Richardson constant of

semiconductor respectively.

1.5.2.2. Diffusion theory:

Diffusion refers to the transmission especially by contact. Transport of charges
occurs via diffusion of charge carriers because of the semiconductor's non-
uniform concentration of charged particles. Diffusion can perturb the carrier
motion. The diffusion is based on the principle that the net flow of carriers occurs
from regions of higher concentration to regions of low concern under the

influence of concentration gradient.

The diffusion theory, proposed by Schottky is mainly based on the following

assumptions:

(1)  The height of the formed junctional barrier is significantly larger than
kT
(i1)  Within the depletion region, the impact of electron collisions, or

diffusion, is also taken into account
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(i11)) The carrier concentration through the entire region of the
semiconductor is unaffected by current flow
and

(iv) The semiconductor's impurity concentration is non-degenerate

The current density expression of diffusion theory is basically very similar to
the expression of thermionic emission theory (eq" 1.7) having saturation current

density,

Jp = quNcémexp (—22) (1.9)

kT

in the maximum field strength &, with carrier concentration N¢ (i.e., the number
of free charge carriers in unit volume of semiconductor). This Jp depends on the
applied bias voltage and has less sensitivity to the device temperature compared

to Jtg.

1.5.2.3. Thermionic-emission-diffusion (TED) theory:

The thermionic emission model assumes that carriers do not scatter, while
the diffusion theory of the MS diode predicts that the space charge region has

numerous mean-free-paths.

The Crowell-Sze “ballistic-to-diffusive treatment of the metal-
semiconductor (MS) diode” (130) forms the basis of the strategy of mixing up
these two approaches. This strategy originates from the boundary condition of a
velocity generated near the metal-semiconductor contact including the barrier

lowering due to thermionic recombination.

The theory introduces a recombination velocity of carriers (vz) associated
with thermionic emission and diffusion velocity (vp) in depletion region. The
recombination velocity is also known as surface recombination velocity in
semiconductor, defined as the quantity of excess bulk carriers at the line of

separation between the quasi-neutral and space-charge zones that are
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recombining on the surface per unit area per unit time per unit volume. Diffusion
velocity of carrier is the velocity subjected to the process of movement of charge
carriers due to concentration gradient along the semiconductor. The saturation

current density,

TED = %exp (%fb) (1.10)
vp

1.5.2.4. Tunnelling:

Electron tunnelling is a quantum mechanical phenomenon in which an
electron passes through a potential energy barrier having higher energy than the

electron. The process is illustrated in Fig.1.16.

Barrier potential

Electrons
NS _ N

Figure 1.16: Electron tunnelling through barrier

1.5.3. Parameters of Schottky diode:

Performance of a practical Schottky device depends upon its characteristic

parameters like ideality factor (I.F.), barrier height (B.H.), and series resistance.

I.F. defines how good a diode is that is quality of a diode. The ideal diode equation
assumes that all the recombination of electron and hole occurs during current
transport is mainly via band to band or through traps in the bulk areas of the
device 1.e., there is no incident of recombination found in junctional area. Thus,

the L.F. for ideal diode is considered as ‘1°.
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For practical diode recombination happens in other ways and in junctions
also. Deviations in LF. from one indicate that either there are unusual
recombination mechanisms taking place or the amount of recombination is

changing.

The electric field formed in the depletion region acts as a barrier. To get
electrons to go over the electric field's barrier, further energy must be applied.
The term "barrier potential" or “barrier height” refers to the minimum difference
in potential energy over which electrons must go in order to traverse the electric
field. So, the lower barrier height indicates lower turn on voltage. B.H. of device

depends upon the materials of the device and also on operating temperature.

The series resistance in MS diode is arising from the metal (which is
negligible), from the semiconductor, from the connections. Series resistance
lowers the effective voltage applied to the junction leading to generation of lower

current in device.

The above-mentioned parameters can be extracted using different
measurement characteristics of Schottky device - (i) Current (I) — Voltage (V)
measurement, (i1) Activation energy (I-V-T) Measurement, (ii1) Capacitance (C)

— Voltage (V) measurement and (iv) Photoelectric Measurement

1.5.3.1. Current (I) — Voltage (V) Characteristics:

For a Schottky diode fabricated with n-type semiconductor and metal 1s

said to be forward biased when its metal part is linked to the positive battery

terminal and its n-type semiconductor is connected to the negative battery

terminal (Fig.1.17a).
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Figure 1.17: Schematic diagram of a metal/n-type semiconductor SBD when (a) forward

biased and (b) reverse biased

Applying a forward bias voltage to the Schottky diode causes the n-type
semiconductor and metal to release a high number of free electrons. Free
electrons flow from metal to n-type semiconductor across the junction after
reached at turn on voltage resulting a net current flow from n-type semiconductor

to metal.

The Schottky diode is reverse biased when the battery's negative terminal
is connected to the metal and the positive terminal is connected to the n-type
semiconductor (Fig. 1.17b). The depletion width of a Schottky diode expands in
response to a reverse bias voltage. Therefore, there is an end to the flow of
electricity. However, a tiny leakage current does flow because the metal's

electrons are thermally stimulated.

The I-V curve of an SBD typically looks like the Fig.1.18. There is a "knee"
or "turn on" voltage at which the current begins to increase exponentially in the

forward direction.
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Figure 1.18: I-V characteristic curve of SBD

From Fig.1.17, an abrupt increase in electric current is seen when the
reverse bias voltage is significantly raised. Damage to the device could be
permanent if the electric current suddenly rises, which breaks down the depletion

region.

When semiconductors having high carrier mobility are used to fabricate
Schottky barrier devices, the current in the device is mainly due to thermionic

emission of carriers over the barrier along with some tunnelling current.

In this case, the forward current of the device in terms of applied bias
voltage V, caused by both the thermionic emission and tunnelling, can be

expressed as,

4
1=1, [exp:W —1] (1.11)

where, reverse saturation current
Io = AA'T?exp 2 1.12)
Here n, and A are ideality factor, and effective device area respectively.

From applied bias voltage 3kT/q the plot of Inl versus V forms a straight

line. By extrapolating this straight line to V=0, the value of reverse saturation
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current can be obtained. When all the other parameters are known the value of

barrier height ¢, can be easily extracted using above equation (eq" 1.12).

The practical devices often show the deviation from the ideal behaviour.
For a typical Schottky device a series resistance arises due to the resistances of
metal, semiconductor and the connectors which effectively lowers the applied
bias voltage to the junction. That’s why it is very important to take this series
resistance into consideration and V is replaced by Vg in equation 1.11 where

Veff =V — IRS
1.e.,

qVe
I1=1, [expnT;f —1] (1.13)

1.5.3.2. Activation energy measurement:

Activation energy is the amount of energy needed to generate the
intermediate, also referred to as an activated complex. When a device is operated
at different temperature the conductivity of the device changes with temperature

but the activation energy is independent of temperature.

Forward
characteristic

Current

Voltage

Figure 1.19: I-V curve of SBD at different temperature
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In this concept, Arrhenius equation for the conductivity in terms of

activation energy is given by the following equation,

o = ooexp (—2) (1.14)

The activation energy, symbolized by E, and 6y, named the pre-exponential factor
can be calculated with help of the straight line in the Arrhenius plot (activation

energy plot, Fig.1.20) for a single rate-limited thermally activated process.

Conductivity(o)

~| R

Figure 1.20: Activation energy of conductivity

Even if the modified Richardson constant is unknown, the barrier height
can be calculated using this method. The primary benefit of activation energy
measurement for determining the Schottky barrier is that it does not require the
assumption of electrically active area. This is especially useful in studying
atypical metal-semiconductor interfaces, where the actual value of the contacting

area is typically unknown and must be estimated.

The electrically active region may represent a very small percentage of the
total geometric area in the case of inadequately cleaned or incompletely reacted
surfaces. However, a robust metallurgical reaction may produce a rough
nonplanar metal-semiconductor contact with an electrically active region bigger

than the apparent geometric size.
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In these cases, the forward bias I-V data at different operating temperature
(Fig.1.19) 1s recorded and reverse saturation current for each temperature is
obtained using above mentioned procedure. Then a plot of In(Io/T?) against 1/T
can be drawn which gives a straight line and from the slope value one can

determine the value of barrier height,

In (;—‘;) = In(A4") - 2 (1.15)

The barrier height, determined through this method at absolute zero

temperature is slightly greater than the barrier height at room temperature.

If the active area is known, from the intercept Richardson constant can be

determined and the vice versa.

1.5.3.3. Capacitance (C) — Voltage (V) Measurement:

As discussed before, when reverse bias of a Schottky diode increases
depletion layer width also increases. Hence the capacitance gets smaller due to

the increased distance between the conducting areas.

The capacitance of a diode based on the amount of reverse bias that is given
to the diode is measured in this purpose. The capacitance C of the depletion area

of the diode under a small applied ac voltage is defined as follows:

1
£sqN 2
cC=A L(be—":-"{)] (1.16)
where & 1s the relative permittivity of the semiconductor, the applied reverse
voltage is denoted by Vg, Np 1s donor concentration (concentration of atoms that
can “donate” electrons to the conduction band) and all other symbols indicate
their usual meanings. This equation is based on the assumptions that the diode
does not have a significant interfacial oxide layer and that the donor concentration

in the n-type semiconductor is constant.
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It is clear from the above equation that 1/C? versus Vr plot demonstrates a

straight line having a slope of yEPwr and a voltage axis intercept V, =
s4ND

(Vi — "q—T) (Fig.1.21).

Voltage

Figure 1.21: 1/C? versus voltage plot in reverse bias

Replacing the value of Vy;in equation (3) the barrier height is as follows:
Op =qVo + On + KT (1.17)

The majority carrier contribution to the space charge is the source of the kT factor.

1.5.3.4. Photoelectric Measurement:

When a photon with enough energy enters in a diode, an electron-hole pair

is formed. The mechanism is called as inner photoelectric effect.

When it comes to measuring barrier height, the photoelectric approach is
both the most precise and direct option. It is possible to generate a photocurrent
when a metal surface is exposed to a monochromatic light source. There are two
possible mechanisms for carrier excitation in a Schottky barrier diode, both of
which contribute to the device's photocurrent. One is excitation over the barrier
and another is band to band excitation. For the measurement of barrier height first

process is useful.
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When a photon with energy hv (h is Planck’s constant and v is frequency
of photon), larger than barrier height but smaller than the band gap of the
semiconductor, in on the metal having a contact with semiconductor, the incident
photon will energize the electron from the metal to semiconductor over the
barrier. The Fowler theory [147] gives the value of photocurrent (an electric

current produced due to radiation of light)
I,, = B(hv — @§)? (1.18)
Where, (hv — @7) >> 3kT

here B is a constant of proportionality.

When I, 1s plotted against hv, a straight line is obtained whose intercept

on the hv axis directly provides the barrier height.
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2.1. Introduction:

Synthesis and characterization of nanoparticle is an important area of

material Science and nanotechnology. The United States and Japan conducted the
first comprehensive foundational investigations with nanoparticles in the 1970s
and 1980s [1, 2]. Low cost, easy, efficient process of synthesis is more adaptable
nowadays. Also, depending upon synthesis procedure and condition, different
properties of nanomaterial can be tuned. Nucleation and growth are two vital
stages of nanoparticle synthesis. The size and shape of the nanoparticles are
significantly influenced by their initial nucleus. Starting nucleation processes also
influence long-term stability [3]. If nucleation proceeds quickly, many crystals
may form concurrently, resulting in a more monodisperse product. On the other
hand, a polydisperse population of crystals of different sizes can form at sluggish
nucleation rates. The control of nanoparticle phase, dispersity, and size is possible
through the regulation of nucleation. In other words, the properties of a
nanoparticle are strongly affected by its nucleation stages during synthesis. So, it
is also very significant to characterize the synthesized nanoparticle properly. A
variety of properties can be studied to characterise a nanomaterial, including its
shape, size, and surface area, aspect ratio, agglomeration/aggregation state
between individual particle, size distribution, surface morphology (also called
topography), detail structure with degree of crystallinity and defects, structural
formula (also called molecular structure), composition of the nanomaterial (with
percentage of purity, presence of any known impurities or additives), phase
identity, absorption, transmission, reflection, and light emission, magnetism,

conductivity etc.
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2.2. Synthesis Procedures of Nano Materials:

Several potential techniques have been used for synthesis of nanomaterials
in material science researches. The two main categories of nanoparticle synthesis
methods are top-down and bottom-up. Physical participation techniques
including lithography, physical vapour deposition (PVD), mechanical machining
(Ball Milling), and thermal evaporation pyrolysis are all part of the top-down
technique [4]. Biological and chemical techniques are examples of bottom-up
approaches. The bottom-up chemical procedures include the use of sol-gel,
chemical vapour deposition (CVD), chemical co-precipitation, micro-emulsions,
hydrothermal method, sono-chemical method, and microwave methods [5].
Among them, during this course of experiments, two methods are adopted which

are illustrated in lucid way as follows:

2.2.1. Co-precipitation method:

Coprecipitation is the precipitation of one or multiple compounds
simultaneously from a solution. It is the most practical and cost-effective method
for preparing nanomaterials. This technique, which begins with a solution of
dissolved precursor i.e., parental materials in a suitable common solvent and then
addition of a precipitating agent in such a way that a homogeneous, single-phase
inorganic solid is obtained at final stage. Co-precipitation holds the necessary
cations close together for formulating the desired material in the reaction medium
and reduces the decomposition temperature. It involves the occurrence of
nucleation, growth, coarsening, and/or agglomeration processes simultaneously.
Under conditions of high supersaturation, a large number of insoluble species

(micro/nano particles) are produced. It has an easy control of particle size and
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composition. It allows numerous opportunities to alter the particle surface

condition and overall homogeneity.
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Figure 2.1: Flowchart of coprecipitation method

2.2.2. Hydrothermal/ Solvothermal method:

Hydrothermal and solvothermal synthesis is the synthesis procedure of
materials in a solvent under at a constant and controlled temperature (typically
from 100°C to 1000°C) and pressure (typically between 1 MPa and 100 MPa)
helped by a specific route of chemical reaction. Condition of the synthesis like
maintaining temperature, mother solution, time etc can vary the morphology of
the nanomaterial. The high reactivity of the reactants at elevated temperatures and
pressures helps in the synthesis of inorganic nanomaterials at significantly lower
temperatures compared to solid-state reactions. Nucleation rates and particle size
distribution can be accomplished at a satisfactory level by tuning reaction
parameters such as pressure, temperature, time, reactant concentration, reaction

cell fill volume and pH. A large number of inorganic materials belonging to
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different classes have been prepared by the hydrothermal or solvothermal
synthesis such as metals, oxides, chalcogenides, pnictides and many other

materials.

Anion Solution Cation Solution

¥> Mixing and Stirring <:/

Homogeneous
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Autoclave <—\ certain

temperature
@ After certain time

Cool down naturally

@ Precipitation

Collect and dry

Figure 2.2: Flowchart of hydrothermal method

2.3. Characterization techniques:

Characterization is the process of measuring and investigating a material's
attributes (such as composition, morphological, physical, optical, electrical,
magnetic, mechanical, thermal, and phase changes); this process is known as
characterization methodology. Techniques, those are very useful and adopted in

material characterizations are introduced as follows:
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2.3.1. X-Ray Diffraction (XRD) Technique & Data Analysis:

Mechanism of X-ray diffraction is basically based on constructive
interference of monochromatic X-ray radiations with the radiation through a
crystalline material. Cathode ray tubes are used to create these X-rays, which are
then monochromatically filtered, collimated, and focused before being projected
on the sample. Crystallographic structure can be determined in materials science
by X-ray diffraction analysis (XRD). X-ray diffraction (XRD) involves exposing
a sample to incident X-rays and then measuring the emitted X-rays' intensity and
scattering angle [6]. X-ray diffraction (XRD) analysis is primarily employed in
the determination of a material's identity via diffraction pattern. In addition to
identifying phases, XRD can reveal how the structure actually differs from the
ideal one due to internal tensions and flaws. Atoms in a crystal are arranged in
regular arrays, and X-rays can be thought of as electromagnetic radiation waves.
In a crystal, incoming X rays are scattered mostly because of the atoms' electrons.
This effect is known as elastic scattering where electrons act as the scatterer.
When scatterers are arranged in a grid, the resulting spherical waves also have a
regular appearance. Destructive interference causes these waves to cancel out in
most directions, but in a small number of directions, as defined by Bragg's law,

they actually add:
2dsin® = nA 2.1

Where d, the interplanar spacing, is defined by the distance between diffracting
planes, 0 is the incident angle of X-ray on crystal, n is an integer, and A is the
beam wavelength (for Cu-ka source it is about 0.154 nm). A perfect crystal would
stretch indefinitely in all directions; because to their finite size, no crystals are
perfect. This variation from perfect crystallinity causes the diffraction peaks to
broaden. Crystallite size and lattice strain are the two principal parameters
acquired using diffraction peak width analysis. Crystallite size is a measurement

of the size of domains that diffract coherently. Due to the creation of
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polycrystalline aggregates, the crystallite size of particles is not often the same as
their particle size [7]. The distribution of lattice constants caused by crystal
defects, such as lattice dislocations, is quantified by lattice strain [8]. The triple
junction found in grain boundary, contact or sinter stresses, stacking faults inside

the crystal, and coherency stresses are other sources of strain.
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Figure 2.3: Schematic diagram of x-ray diffraction

2.3.2. Field Emission Scanning Electron Microscopy (FESEM)
Technique & Data Analysis:

The FE-SEM analysis helps us better understand the surface morphology
of the synthesized nanomaterial. The FESEM is an example of a microscope that
uses negatively charged electrons in place of light. A field emission source frees
these electrons. The electrons scan the item in a zigzag motion. Imaging the
microstructure of materials, field emission scanning electron microscopy (FE-
SEM) is a cutting-edge technique. Due to the tendency of gas molecules to disrupt
the electron beam and the necessity of generated secondary as well as

backscattered electrons for imaging, FE-SEM is normally carried out in a high
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vacuum. Field emission sources release electrons, that are accelerated by a strong
electric field gradient. The primary electrons are concentrated and deflected by
electronic lenses to create a narrow scan beam within the high vacuum column,
which is then utilised to bombard the item resulting, emission of secondary
electrons from each place on the item. The surface structure of an object is
reflected in the angle and speed of these secondary electrons. The secondary
electrons are trapped by a detector, which results in generation of an electric
current. Amplification and digitization bring this signal into view on a screen or

as a data-rich digital image [9].

Also increase in grain size provokes the electrical conductivity increment

[10].

Electron source
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Figure 2.4: Schematic diagram of field effect scanning electron microscopy
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2.3.3. Energy Dispersive X-Ray Spectroscopy (EDS) Technique and
Elemental Mapping:

Chemical characterization and elemental analysis of materials are made
possible by energy-dispersive X-ray spectroscopy (EDS, abbr. EDX or XEDS),
an analytical technique. Excited by an external energy source (such as the electron
beam of an electron microscope), a sample releases a core-shell electron to
dissipate some of the absorbed energy. After this, an outer-shell electron with a
higher energy takes its place, releasing the excess in the form of X-rays with a
unique spectrum for each atom. This enables for the compositional examination
of a certain sample volume that has been excited by the energy source. The
element may be determined by looking at where the peaks in the spectrum appear,
while the concentration can be determined by looking at how strong the signal is.
It has already been mentioned that an electron beam has enough energy to expel
core-shell electrons, leading to X-ray emission. When an EDS detector is attached
to an electron microscope, atomic-level compositional details become available.
As the electron probe is scanned across the sample, characteristic X-rays are
generated and analysed; each recorded EDS spectra is assigned to a specific spot
on the sample. Signal strength and spectrum cleanliness are two factors that affect
the reliability of the findings. Trace element detection and dosage minimization
(which permits faster recording and artifact-free findings) are especially reliant
on a high signal-to-noise ratio. The number of spurious peaks observed is related
to how clean the electron column is, which is a result of the electron column's

constituent materials.

2.3.4. Raman Spectroscopy Technique & Data Analysis:

Raman spectroscopy, a non-destructive chemical analysis method, has the
ability to disclose information about a substance's molecular interactions,

crystallinity, phase, and polymorphism. It is based upon the interaction of light
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with the chemical bonds within a substance where scattered light is utilised to
determine the vibrational energy modes of a sample. According to the Raman
effect, which forms the basis of Raman spectroscopy, excited tissue molecules
will reflect light of a different wavelength when exposed to incoming light (750-
850 nm).
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|

Laser Source Edge Filter

Grating

Figure 2.5: Schematic diagram of Raman spectroscopy

2.3.5. X-Ray Photoelectron Spectroscopy (XPS) Technique & Data
Analysis:

X-ray photoelectron spectroscopy (XPS), one of the spectroscopic
techniques that is a quantitative method, and sensible to the surface of the
material. It uses the photoelectric effect to determine the elements present within
or on the surface of a material (elemental composition), along with their chemical
state, and the overall electronic structure and the electronic state density of the
material. X-ray photoelectron spectroscopy (XPS) is a powerful method of
measurement since it reveals not only the presence but also the bonding
relationships of individual components. By exciting inner orbital and bonding

electrons with a focused X-ray beam, X-ray photoelectron spectroscopy (XPS)
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can be utilised to assess the elemental composition and oxidation states of

elements on the surface of particles.
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Figure 2.6: Schematic diagram of x-ray photoelectron spectrometer

2.3.6. Brunauer—Emmett—Teller (BET) Technique:

BET analysis is an analytical technique used to determine specific surface
areas and pore size distributions of solid materials through the gas adsorption
process. BET theory is applicable to multilayer adsorption systems and is
typically used to assess specific surface area using probing gases that do not
chemically react with material surfaces as adsorbates. The idea was published by
Edward Teller, Paul Hugh Emmett, and Stephen Brunauer in the Journal of the
American Chemical Society in 1938 [11].

2.3.6.1. Importance of surface of semiconductor:

Owing to the fact that semiconductor devices are constructed on or near

the semiconductor surface, crystal plane alignments and their characteristics at
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the surface are significant. Semiconductor surfaces are inherently unstable, both
chemically and electrically. Passivation of compound semiconductor surfaces is
a major issue because of the significant impact that surface features have great
effect on the performance of semiconductor devices. Chemical reactivity of the
dangling bonds is one source of electrical passivation; nevertheless, interfacial
charge is commonly present, which Coulombically repels minority carriers and
so limits recombination [12]. Due to their relatively delocalized bonding, metals'
density of states exhibits smoother corrugations than those of semiconductor
surfaces [13]. Radiative recombination is triggered by the merging of conduction-
band electrons with valence-band holes. Dangling bonds are formed when the
surface of a semiconductor contains defects like vacancies. The vacancies'
energies are centred around the bandgap's midpoint. These energy levels, known
as trap states, are actively involved in electron-hole recombination. This
recombination is called non-radiative recombination and have severe
consequences for the functionality and lifetime of the semiconductor device [14].
The injected carrier lifetime in the semiconductor is a structure-dependent
characteristic. This occurs because flaws in the semiconductor serves as a channel
for the recombination process. For a semiconductor that has many surface states,
the Fermi level is said to be “pinned” at almost the mid-gap of the semiconductor.
For over twenty years, researchers have been trying to find a solution to the issue
of Fermi-level pinning at semiconductor surfaces and interfaces. A semiconductor
surface or interface that contains numerous dangling bonds can be removed by
chemical treatment; a method known as surface passivation. It was demonstrated
that the Fermi level could be unpinned using a number of different passivation

techniques.

2.3.6.2. About the Technique:

The method relies on the physical adsorption of an inert gas, like nitrogen,

onto the sample's solid surface. The measured specific surface area is given in m?
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/ g. BET analysis is mostly used for analysing study of nanomaterials,
improvement of cement and concrete fineness, characterisation of catalysts,
adsorption efficiency of gas purifiers, and so on. Physisorption of an inert gas,
commonly nitrogen, argon, or krypton, on the surface of the BET sample is used
to calculate the specific surface area of the sample. Surface area measurements
should be made in an isothermal environment, where the temperature is held
constant throughout. The i1deal temperature is determined by the inert gas being
utilised (for instance, liquid nitrogen requires a temperature of 77 K). The
sample's characteristics determine which inert gas i1s most suited for the analysis.
The tiny gas molecules attract themselves to the surface of the solid sample
forming a porous structure generating a monolayer of adsorbed gas. The sample
1s heated in an environment other than nitrogen once the gaseous monolayer of
molecules has been produced. Adsorbed nitrogen gas molecules can be released
from the sample's surface in this way. Once the number of gas molecules emitted

i1s known, the sample's surface area and porosity may be computed.
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Figure 2.7: Schematic diagram of BET instrument
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2.3.6.3. Effect of Surface in nano dimension:

Large surface-to-volume ratios are offered by all nanomaterials, making
their surfaces the dominant factor in a variety of physical and chemical processes.
Due to the low concentration of surface atoms in a bulk solid, broken chemical
bonds on the outside have a negligible effect on the material's properties.
However, the surface-to-volume ratio scales inversely with linear dimensions for
all substances. As size decreases, the role of the surface grows and eventually
becomes dominating. Surfaces at the nanoscale can substantially alter some
qualities and generate entirely new phenomena. Smaller particle size leads the
fraction of the atoms to become larger at the surface which causes the average
binding energy per atom to be higher. The surface-to-volume ratio scales with the
size inversely, and for this inverse relation other properties like temperature of
phase transition and solubility of the material in any medium also obey the same

scaling law.

2.3.7. Ultraviolet-visible (UV-VIS) Analysis:

Absorption or reflectance spectroscopy in the ultraviolet and the whole,
neighbouring visible parts of the electromagnetic spectrum is referred to as UV-
Vis spectroscopy, also known as UV-Visible spectrophotometry (UV-Vis or
UV/Vis). This method is frequently used in both practical and theoretical settings

due to its low cost and straightforward implementation.

2.3.7.1. Bandgap Measurement:

There is a prohibited energy range in which there is no allowed state for
any semiconductor. Above and below this energy gap are permissible energy
regions or energy bands. The upper bands are known as the conduction bands,
while the lower bands are referred to as the valance bands. The difference in

energy between the lowest of conduction band and the highest of valence band is
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known as the bandgap or energy gap, and it is one of the most crucial parameters
in semiconductor physics. Unlike metal the conduction band and valance band of
a typical semiconductor doesn’t overlay but there is an energy gap between 0-5
eV. The most important method for determining the band structures of
semiconductors is optical measurement. It is possible for photon-induced
electronic transitions to occur between different bands, thereby determining the
energy bandgap. The absorption coefficient of semiconductors is a significant

parameter which is a function of wavelength or the photon energy. The absorption

coefficient can be expressed as & X (hv —E g)n where ‘hv’ is the photon energy
and ‘n’ i1s a constant. For direct bandgap materials, transitions mostly occur
between two bands of the same ‘k’ (extinction coefficient) value. For indirect
transitions, phonons are involved in order to conserve momentum. By alloying or
doping multiple compounds, some of the semiconductor materials are tuneable,

e.g., in band gap or lattice constant.

2.3.7.2. Theoretical overview:

Absorption in the UV-Vis range by the material is all that is needed. These
materials are called as chromophore. In addition to the wavelength, other
important parameters include absorbance (A), transmittance (%T), and
reflectance (%R). An excited state is produced when an electron in the
chromophore is boosted into a higher energy molecular orbital by the absorbed
photon. While solutions are the most typical medium for spectroscopic
examination, solids and gases can also be examined. According to the Beer-

Lambert law [15, 16, 17]
I=1Iye % (2.2)

Where x is the pathlength travelled by light i.e., thickness of the solution (width
of the cuvette), a is the absorption coefficient, ‘I’ is the final intensity of the light
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after passing through the solution and ‘/’ is the primary intensity of light incident

upon the solution.

If thickness of the cuvette is ‘/” then the above equation can be written as

I=1I,e " (2.3)
Or,
L — p—ul

=e (2.4)
Iy

Taking logarithm in both sides of the equation,

log (i) =log(e ) = —al » log(e) (2.5)
Or,
log (170) = al x log(e) (2.6)

The value of log(e) is 0.4343

The absorbance value recorded by the spectrophotometer is

|
A =log (7") 2.7)
So,
o =2.303%Ax%7 (2.8)

As width of the cuvette is 1cm one can easily calculate the value of a.

The absorption coefficient characterises the dimming of light as it travels through

a substance.
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Figure 2.8: Schematic diagram of UV-Visible spectrophotometer

For an optical process, it can be thought of as the sum of the absorption
cross sections per unit volume of the substance. The greater the coefficient, the
shorter the wavelength of light, that can be transmitted through a material before

1t 1s absorbed.

2.3.8. Fourier transformed infrared Spectroscopy Technique and &
Data Analysis:

The term "Fourier transform infrared" (FTIR) refers to the most popular
kind of infrared spectroscopy. High-resolution data are collected over a wide
spectral range by an FTIR spectrometer. All infrared spectroscopies operate under
the premise that some IR energy is absorbed when it passes through a material.

The radiation that passes through the sample is recorded.
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Figure 2.9: Schematic diagram of FTIR

With this method, a beam of light with multiple frequencies is directed at
the sample simultaneously, and the amount of that beam that is absorbed by the
sample is measured. A second data point is then obtained by altering the beam to
comprise a different mix of frequencies. Over a short period of time, this

procedure is quickly repeated numerous times.

FTIR i1s used to investigate various nanomaterials. With the aid of FTIR,
the bond characteristics associated with different organic and inorganic
nanomaterials may be identified, and their quantitative study can be carried out.
When used to identify mixtures of chemicals, FTIR is only really useful for
validating the identity of pure substances. The method is based on locating
functional groups in molecules that vibrate when exposed to particular light
wavelengths (either through stretching or bending in different ways). The

intensity of these vibrations (% transmission) is mapped against the light
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frequency (cm™) incident on the sample to generate an FTIR spectrum. FTIR

spectra have fingerprint sections that are unique to the tested chemical.

The fixed-point microregion analysis of solid, gas, and liquid, quantitative
analysis of the chemical characteristics, and the identification of organic
compounds, daughter minerals, and solid components in the inclusions are some

characteristics of the FTIR method.

It is easy to maintain and operate, has a high data collection speed,
excellent spectrum quality, and good reproducibility of data. However, the
composition of monoatomic (ion) compounds or uncommon gases cannot be

determined using either method.

2.3.9. Cyclic Voltammetry& Data Analysis:

Catalysis is an example of a chemical reaction that begins with the transfer
of an electron, and CV is a useful technique for studying such reactions. Cyclic
voltammetry is a sophisticated potentiometric and voltametric method. The
chemical undergoes either oxidation (electrons lost) or reduction (electrons
gained) during the scanning process. The direction of the rising potential will
determine this. Cyclic voltammetry (CV), an electrochemical potentio-dynamic
experiment, is a type of voltammetry which is used for detail analysis of redox
properties of compounds and their interfacial structures. Analysis of a cyclic
voltammogram data through graphical aspect gives the peak positions, also
known as redox peaks, i.e., peaks generated for reduction and oxidation of the
material, foretelling the capacitive behaviour of the electrode. Hence, the
electrode potential of the point at which the material gets itself oxidized or

reduced may be established.
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2.3.10. Thermogravimetric (TGA) & Data Analysis:

Thermogravimetric analysis (TGA), another analytical technique, is
needed for determining a material's thermal stability. It is also used to determine
the fraction of volatile components remain inside the material by monitoring the

weight change that occurs as the material is being heated.
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Figure 2.11: Schematic diagram of TGA instrument
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2.3.11. Vibrating-Sample Magnetometer (VSM) Technique &
Analysis:

Vibrating Sample Magnetometer is a versatile magnetic property
measurement instrument. It is commonly used to study magnetic phases, the
Curie point, the ratio of different magnetic phases, and the spin re-orientation
point, among other phenomena. The magnetization is measured by vibrating the
sample in the presence of a static magnetic field. The principle resides in the
technique for detecting the variation in magnetic flux. The sample is positioned
between two coils. When the sample vibrates, the change in flux within the coils
generates an electromotive force (emf) within the pickup coils. A Lock-In
Amplifier is used to detect signals from coils. A VSM includes a vibrator, DC
magnet (typically superconducting), magnetic power supply, cooling device,
temperature controller, and Lock-In Amplifier. Figure provides an example of a
VSM diagram. The VSM is utilised to determine the change of the magnetic
properties of a material with variable temperature, magnetic field, and time. In
VSM, one can also conduct measurements dependent on the angle. By measuring

time-dependent magnetization, it is also possible to calculate magnetic relaxation.
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Figure 2.12: Schematic diagram of VSM instrument
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2.4. Device fabrication:

For the device fabrication i.e., for make an MS junction it is necessary to
choose a suitable metal for the metal portion. For n-type semiconductor
aluminium (Al) or platinum (Pt) are mostly preferable to form a rectifying
contact. Although silver (Ag) is an excellent electrical conductor, it is rarely
employed in metal semiconductor junction due to its susceptibility to oxidation

and tarnish when exposed to air.

For the thin film applications indium tin oxide (ITO) coated glass can be

used as conducting layer and can operate at high temperatures also.

2.4.1. Aluminium in Device fabrication:

Aluminium, the most common metal on Earth, is also one of the most
malleable, ductile, and lightweight metals available. It is relatively soft among
many other metals. It's a decent electrical and thermal conductor with reasonable
resistance to corrosion. In addition, it is surprisingly harmless and can be recycled
without losing any of its natural properties. On the other hand, platinum is high
pricing metal and also much heavier. Also, the work function of Al is 4.2 eV

which is low compared to that of platinum (5.65 eV).

2.4.2. Indium Tin Oxide (ITO) coated glass-substrate:

ITO is a ternary compound made up of indium (In), tin (Sn), and oxygen
(0) [74% In, 18% Sn, and 8% O]. Because of its electrical conductivity, optical
transparency, ease of deposition as a thin layer, and chemical resistance to
moisture, indium tin oxide is one of the most extensively used transparent
conducting oxides. Thin films of indium tin oxide are most commonly deposited
on glass surfaces by physical vapor deposition. Its optical transmittance for a thin

film can be greater than 80%, and its electrical resistivity is only 10 Q-cm [18].
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2.4.3. Fabrication Procedure:

The metal semiconductor junctions are fabricated in a vertical sandwich
configuration like Al/synthesized material/ITO which is an easier method of
junction fabrication. Prior to all well cleaning of ITO is required for this purpose.
With this intention, first, the ITO coated glass substrates are cleaned successively
by ultrasonication with mild basic water (by adding small amount of purified
sodium hydroxide in distilled water), acetone, ethanol, and distilled water. Then
the samples are well dispersed/dissolved in suitable medium under
ultrasonication and spin coated on to the pre-cleaned ITO substrate at a certain
rpm for few times. The films are then dried inside a vacuum chamber for few
hours. Thickness of the deposited thin films are measured at about 1 um by
surface profiler. Then aluminium metal is deposited on the thin film of the
material by thermal evaporation using an electron gun in a vacuum coating unit
of HIND-HIVAC under much low pressure of 10° m-barr to get the required
metal-semiconductor interface. The effective junctional area is maintained as
7.065 x 10°° m? using a shadow mask upon the film during metal deposition. The

schematic device structure is given in Figure.
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Figure 2.13: Schematic diagram of fabricated metal-semiconductor junction
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Chapter 3

Outline of the thesis
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It is evident from the preceding sections that inorganic compound

semiconducting nanomaterials have great potential to lead the way in nanoscience
in the future. Also, rGO as a graphene substitute makes a strong place to improve
the performance of a nanomaterial. On the other hand, metal semiconductor
junction plays a crucial role in nanotechnology as well because they are
commonly found in a wide range of electronic devices, including transistors,
photodetectors, and solar cells. Thus, evaluation of different inorganic compound
semiconductors and the creation of rGO-inorganic nanocomposites, accurate and
thorough characterization of them, performance in MS junction, and details
analysis of the devices could be highly beneficial for the development of next-
generation technologies. Researchers are also interested in these materials' charge
transfer characteristics. During this research project, various inorganic compound
semiconducting nanomaterials have been synthesized, characterised, and their
device application has been thoroughly examined. Below is a quick summary of

the upcoming chapters.

Chapter 4 describes the synthesis of rGO (reduced graphene oxide)-SnO,
nanocomposite via hydrothermal of GO and Tin tetra chloride pentahydrate
(SnCl4-5H,0O) and its application in a photo-sensitive Schottky diode
(Photodiode). Charge carrier transport mechanism is also studied with the help of

space charge limited current theory.

Chapter 5 demonstrates the temperature dependent performance of the
rGO-Sn0O, based Schottky device. Theoretical and experimental values of the
Richardson constant are calculated and compared. Assuming a Gaussian
distribution of the barrier heights resulting from barrier height inhomogeneities
at the metal-semiconductor interface provides a precise explanation for the

deviation in two values and modified value has also been calculated.
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Chapter 6 reports the Schottky behaviour of another MS junction fabricated
by two different shaped ZnO nanomaterial obtained by different synthesis
method. The variation of shape dependent properties is also explained. Al/ZnO
interface is studied by current-voltage, impedance spectroscopy and capacitance

voltage measurements. Use of the interface as photodiode is also analysed.

In Chapter 7, the annealing effect after synthesisation of cobalt sulfide on
its structural, optical, magnetic properties and Al/CoS, interface are studied.
Charge carrier mobility, life time and carrier diffusion length are extracted from

impedance analysis and current-voltage characteristics.

Chapter 8 demonstrates the effect of maintained temperature during
solvothermal synthesis of MoSe, on its properties and device performance is
explained. Two different methods of Schottky parameters extraction are also

reported.

Chapter 9 presents a brief summary and conclusion of the entire work.
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Chapter 4

Improved charge transport properties

of graphene incorporated tin oxide

based Schottky diode over pure one
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Abstract

Graphene and its nanocomposites with different semiconductor materials
have attracted significant research interest in the last decade due to their improved
performance in various fields. In this report, SnO, and a reduced graphene oxide
(rGO)-SnO;, composite is synthesized via hydrothermal method. Structural,
optical and electrical characterization of the material is performed. Incorporation
of rGO increases the light absorption and reduces the band gap of SnO,. Schottky
barrier formation at metal-semiconductor junction is important for various
applications. Here, we describe the performance of SnO; and rGO-SnO, based
Schottky diode. Important diode parameters like rectification ratio, ideality factor,
barrier height and series resistances are calculated from forward Current density-
voltage (J-V) characteristics. rGO-SnO2 shows much better performance
compared to SnO,. Analysis of Photoresponse behaviour reveals that rGO-SnO,
shows photosensitivity of about 9.95 which is higher than that of SnO, (2.42).
After incorporation of rGO, other diode parameters and transport properties were
also improved. To gain better insight on charge transport properties, space charge
limited current theory has been utilized. In rGO-SnQO,, carrier mobility is
increased by 62% compared to SnO,, implying that rGO-SnO, has better charge
transport due to enhanced electron hole separation which is attribute to the

presence of graphene.
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4.1. Introduction:

graphene is a two-dimensional material with monolayer honeycomb

nanostructure composed of sp? hybridized carbon atoms [1]. It has very large
surface area (2630 m?/g) which facilitates higher absorption of light and greater
interfacial contact [2]. It is a very thin but strong material with high carrier
mobility and possesses optical transparency of wide wavelength range [3].
Nowadays, with these excellent properties, graphene has become good candidates
for uses in different applications such as optoelectronic devices, photosensors,
supercapacitors, solar cell etc [4, 5]. Graphene has already been used in numerous
applications of Schottky diodes which is a key part of many electronic devices
[6]. Higher rate of recombination, interface quality, cost and toxicity of the used
materials are the issues for Schottky barrier diode (SBD) [7]. To overcome these
problems, a number of semiconductor materials have been explored. Graphene
based nanocomposite materials are especially attractive choice for improved

performance.

Nowadays, metal oxide-based semiconductors are of great interest due to
their versatile properties. They are applied frequently in field effect transistor,
chemical sensors and memory application [8]. Among them SnO; is used widely
for its low resistivity, excellent electron mobility, non-toxicity, good stability, low
cost and availability [9]. It has application as gas sensors, anode in lithium-ion
batteries etc. [10] SnO2 is an n-type wide band gap semiconductor (bandgap of
bulk Sn0O, is 3.6 eV) [11]. So, it is only sensitive to lower light wavelength. Also,
it has higher recombination rate. If its bandgap and recombination rate can be
reduced, we can use it for photovoltaic application and other optoelectronic
devices. It has been shown that if graphene is incorporated in the SnO,, the light

absorption range of SnO; can be increased.
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According to earlier reports, graphene-SnO, composite is promising for its
effective changes in dielectric properties, gas sensing, supercapacitor, and field
emission study [12]. But investigation of Schottky diode properties through
graphene-SnO,/metal junction has gained rare notice. It motivated us to
investigate graphene-SnO, based Schottky barrier diode compared to the
Schottky barrier diode fabricated with pure SnO,, which can be beneficial to
understand the effect of graphene on device performance and charge transport
properties of the material. As pure graphene is hard to achieve, reduced graphene
oxide was used. Graphene oxide (GO) can be produced using a modified
Hummers’ method and after that followed by a reduction procedure GO can be

achieved [13].

In this work, we compare the performance of rGO-SnO; Schottky diode to
SnO, based Schottky diode. Structural, optical and morphological
characterization was done for both samples. Schottky devices with the sandwich
configuration of metal/sample/ITO (indium tin oxide) were fabricated for the
synthesized materials. Important parameters such as rectification ratio, ideality
factor, barrier height and series resistance were calculated from current density-
voltage measurement. Charge transport parameters were obtained using space
charge limited current (SCLC) theory. Device performance has also been
observed under light irradiation to get idea about photo response of the

nanocomposite over pure one.

4.2. Materials and method:

All the precursors are purchased from Merck and pure up to 99%.

4.2.1. Synthesis of tin (IV) oxide (Sn0:):

In a typical synthesis procedure, SnO, was obtained from SnCls-5H,0. All

the reagents were of analytical grade and used without further purification. At
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first 0.76 g of SnCls-5H,0 was added to 60 mL distilled water and stirred for 30
min to get a concentration of 50 mmol/L. Then 425 plL Hydrazine hydrate
(N,H4-H,0) was added drop by drop to the solution under continuous stirring.
After 10 min of stirring, the whole solution was shifted into an autoclave of 100
mL and sealed. The autoclave temperature was maintained at 160°C for 12hr and
then cooled down naturally to room temperature. The final product was rinsed
with alcohol and distilled water for few times and dried at 60°C for 1 hr under

vacuum. After drying we get a white powder.

4.2.2. Synthesis of rGO-SnO: nanocomposite:

The graphene oxide (GO) was synthesized using modified Hummers’
method [13]. According to this method 3 ml of phosphoric acid (H;PO4) was
added to 27 mL of sulfuric acid (H,SO,) and stirred for 10 min. Then 0.226 g of
graphite powder was poured into the acid mixture under continuous stirring. 1.34
g of potassium permanganate (KMnQO4) was then directly added to the mixture
and stirred for several hours until the mixture began to be dark green. To get rid
of excess KMnQ4, 675 pL hydrogen peroxide (H,O,) was added dropwise and
stirred for another 10 min. Final product was washed several times with
hydrochloric acid (HCI) and distilled water. Then obtained GO solution was dried
at 90°C for 24 h and black coloured GO powder was produced. Typically, 0.15 g
(0.07 mmol) of GO and 0.76 g (3 mmol) of SnCl4-5H,0 were added to 60 mL of
distilled water followed by 1 h ultrasonication. Then 486 pL of hydrazine hydrate
was poured dropwise into the solution and stirred for 30 min. Then the whole
solution was transferred to an autoclave of 100 mL and the reaction was carried
out at 160°C for 12 h. After reaction completion the autoclave was allowed to cool
down naturally. The final output was rinsed with ethanol and distilled water and
dried at 60°C for 1 h under vacuum. A blackish powder was obtained as final

product.
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4.3. Result and discussions:

4.3.1. Structural characterizations:

The powder x-ray diffraction patterns of GO and rGO-SnO, were recorded
using diffractometer in the range of 10°-70° [SnO, PXRD scan is started from 20°].
The PXRD spectra of synthesized samples are represented in Figure 4.1. As per
PXRD pattern, a peak at around 26 = 14.44° is seen for GO, corresponding to
characteristics plane (001) of the GO nanosheet. Interplanar distance (d) of the
characteristic plane is measured as 0.61 nm which means higher oxidation of
graphite [14]. For SnO,, diffraction peaks have been recorded at 20 of 26.12°,
33.78°, 37.74°, 51.23° corresponding to (110), (101), (200) and (211) Bragg’s
plane respectively. All the PXRD peaks of SnO; exhibit tetragonal rutile structure
(JCPDS No. 77-0452). Also, rGO-SnO, exhibits same rutile structure. This
implies that the prepared composite material holds on to its SnO; structure. Peaks
of GO were not detected in the PXRD spectrum of the composite due to small

amount of rGO.

__ GO (110) Sn05 (110) | rGO-SnOZ|
(101)

(001) (101)
(211)

(112)
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Intensity (a.u.)

(200)

1 20 30 40 S50 60 70 20 30 40 50 60 7010 20 30 40 50 60 70
20 (Degree) 20 (Degree) 20 (Degree)

Figure 4.1: PXRD spectra of GO, SnO2, and rGO-SnO»

To study morphological structure and composition of SnO; and rGO-SnO,,
FESEM images of the materials were captured. Figure 4.2 (a) exhibits that SnO,
particles are sphere-like with an average particle size of 28—-54 nm and Figure

4.2 (b) shows that SnO, particles are nicely grafted onto graphene sheets.
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Figure 4.2: FESEM image of (a) SnO; and (b) rGO-SnO>

Further characterization of the synthesized GO and rGO-SnO, composite
was done by Raman spectroscopy. Figure 4.3 shows Raman spectra of GO and
rGO-SnO,. In Raman spectra of GO, D and G band can be seen at 1357 cm™! and
at 1611 cm™!, respectively [14]. Raman lines for A, and B, modes related to
SnO; phase are observed in rGO-SnO, composite. The characteristics D band is
corresponding to defects and disorder states; and G band is for grain size. The
value of Ip/Ig for rGO-SnO; (1.10) is higher than that for GO (1.02). This implies
reduction of GO to rGO, as size of rGO is small and large number of defects are
present here [14]. So, from the Raman spectra it can be concluded that GO is

reduced to rGO and incorporated with SnO,.
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Figure 4.3: Raman spectrum of (a) GO and (b) rGO-SnO>
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Then XPS analysis was performed to analyse chemical composition of
surface and chemical states of the as-prepared samples. Figure 4.4 (a) represents
full scan spectrum of rGO-SnO; which shows peaks of only carbon, oxygen, and
tin elements. In high resolution of Sn 3d spectrum (Figure 4.4 b), two peaks at
487.5 ¢V and 495.9 eV can be seen. These peaks correspond to Sn 3d*? and Sn
3d*? [15] with a splitting width of 8.4 eV. This confirms the presence of SnO,
nanoparticles in the composite. Fig. 3.4 (¢) and (d) show high resolution spectra
of C 1Is for GO and rGO-SnO,. Deconvoluted spectrum of C 1s for GO shows
peaks at 284.2 eV, 284.8 eV, 286.3 ¢V and 288.7 eV corresponding to C—C, C-0,
C— -0 and O—C- -0 bond of carbon [16]. In Fig. 3.4(d), there is a decrement in
intensity of all the peaks related to oxygen containing functional groups which
indicates reduction of GO. So, XPS results confirm the successful synthesis of
rGO-Sn0s.
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Figure 4.4: (a) XPS survey spectra of rGO-SnO3, (b) Sn 3d spectrum of rGO-SnO, C 1s
spectrum of (¢) GO and (d) rGO-SnO,
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4.3.2. Optical characterization:

To reveal the light absorption properties of synthesized materials, the UV—
Vis absorption spectra of the synthesized materials were recorded within the
wavelength range of 250 nm—600 nm. From Figure 4.5, the absorption edge was
found at 302 nm for SnO, which shifted to 361 nm for rGO-SnO,. Presence of
rGO in the composite is responsible for this shifting and increased light
absorption range. Bandgap of the materials can be calculated using the equation

[17],
Epy == (eV) 4.1)

where, Ey, is the optical bandgap energy, ¢ is the velocity of light and A 1s the
onset wavelength corresponding to the absorption edge. The obtained bandgaps
for SnO, and rGO-SnO, are 4.11 eV and 3.43 eV. Above values indicate that
successful incorporation of graphene in SnO; has led to significant lowering of

the bandgap, which should result in better photo-response for the fabricated

device.
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Figure 4.5: Absorption spectra for (a) SnO> (b) rGO-SnO»

4.3.3. Electrical analysis:

For electrical characterization, a bias voltage from -1 V to +1 V was applied

to the devices under dark and light conditions. White light of intensity of 1000
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W/m? has been used for measuring J-V under illumination. The characteristics J-
V curve is shown in Figure 4.6. Non-linear behaviour of J-V curves for both

devices indicate Schottky barrier formation at metal-semiconductor junction.
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Figure 4.6: J-V curve for SnO> and rGO-SnO; under (a) dark (b) light illumination condition

Figure 4.6 illustrates that both devices show good rectifying behaviour
under dark and light condition. A higher value of dark current density was
recorded for rGO-SnO; device than SnO, based device. The rectification current
ratio for SnO, diode was 14 at dark and 20 at light illumination condition whereas
these values increased to 37 and 82 for rGO-SnO, diode. So, rGO-SnO, shows a

better rectifying behaviour than pure SnO,.

The conductivity of SnO, diode at room temperature was found to be 1.16
x 10° Sm™' and 1.95 X 10° S m! under dark and light conditions respectively.
For the rGO-SnO, based device the conductivity increased to 4.41 x 10° S m’!
and 6.09 x 10* S m’'. The above values clearly show enhanced conductivity of
the nanocomposite which is attributed to greater conductance of graphene and its
intimate contact with SnO; nanoparticle. Due to chemical bonding between rGO
and SnO,, SnO; transfers electrons to the conduction band of rGO under biasing
condition. rGO behaves like an electron collector and transporter which reduce
possibility of recombination. As a result, the conductivity of the composite

increased compared to the pure SnO..
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The photo-sensitivities (S) of the devices were also calculated using the

equation:

s = Jon 4.2)
Jp

where Jy, =photocurrent density = Jpigh - Jpark @and Jp = dark current density.
Photosensitivity of rGO-SnO, based device was found to be 9.95 which is
remarkably 4 times higher than the value of 2.42 shown by its counterpart. So,
light irradiation influences electron conduction for composite even better due to

enhanced electron transfer.

Photoresponsivity and specific detectivity explains the performance of

Schottky diode as photodetector. The measure of electrical response to light i.e.,

photoresponsivity

where Py, is the incident optical power. These values were 0.07 AW™! and 2.32
AW for SnO, and rGO-SnO, respectively. Photo-response of rGO-SnO; is

increased by 33 times due to incorporation of rGO.

The specific detectivity D* can be expressed as [18]:

R

(294Jp)

D* =

(4.4)

1
2

where q = electronic charge. The specific detectivity were 2.14 x 10° Jones and
1.07 x 10! Jones for SnO, and rGO-SnO, respectively. The conclusion of these
results is that rGO-SnO; based Schottky diode is much superior than pure one in

application of photodetector.
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For further characterization, Current density-voltage relation of Schottky

diode evaluated from equation 1.11 and 1.12 (as J = I/A) is given by [19],

J =Jolexp () — 1] 4.5)
And
Jo = A*T?exp (%f”) (4.6)

where Jj is the saturation current density, q is the charge of electron, V is the bias
voltage, n is the ideality factor, k is Boltzmann constant, T is absolute
temperature, @ is the barrier height and A* is effective Richardson constant. The

effective Richardson constant is considered as 7 x 105 AK?m™ [20].

By analysing the InJ-InV curve, shown in Figure 4.7(a) and (b) Schottky
current mechanism for entire range can be divided. From InJ vs InV graph, two
regions with distinct slope can be seen, which points to different current transport
mechanisms. At low bias (region I), the current follows ohm’s law i.e., current is
directly proportional to applied voltage, after that it is ruled by space charge
limited current theory corresponding to exponential trap distribution (region II).
In the region II, the current is proportional to V2, which is indicative of trap free

SCLC mechanism.
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Figure 4.7: InJ vs InV plot under (a) dark and (b) light condition
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At low bias voltage, linearity of current is noticed. When bias voltage is
higher, then the deviation from linearity is mainly due to the series resistance of
diode. The ideality factor (n) and series resistance (Rs) for the fabricated device

can be derived using Cheung’s equation [21, 22]:

av nkT
din()) - T + ]ARS (4.7)

The 1deality factor and series resistance are calculated using the intercept
and slope from linearly fitted dV/dInJ versus J curve. The dV/dInJ vs J graphs for

dark and light condition are shown in Figure 4.8.

The acquired values of ideality factors show deviation from ideal
behaviour, which may be due to several reasons like the presence of structural
defects and interface states, tunneling current, existence of inhomogeneities in
Schottky barrier and series resistance [23]. After light illumination, the values
come closer to 1 for both devices. Upon light irradiation, trapping states of the

device and generation of the recombination centers reduces and hence improves

ideality factor.
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Figure 4.8: dV/dInJ vs J and H(J) vs J curve for SnO; and rGO-SnO, under (a and b) dark (c
and d) light condition
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Also, according to the Cheung model, the current density-dependent

function H(J) can be expressed as [21],

H)) =V - (*Z) (<L) = ReaJ + no, 4.8)

q A'T?
From the above equation, we can calculate the barrier height of Schottky

diode from the intercept of linear H(J) vs J plots (Figure 4.8).

As shown in Table 4.1, the series resistance values estimated from two
different approaches i.e., from dV/dInJ vs J and H(J) vs J graph is nearly same.
The value of series resistance is reduced for rGO-SnO; diode compared to other

one. This explains the higher current exhibited for the rGO-SnO, device.

Table 4.1: Schottky diode parameters

Device | Condition | Rectification | Conductivity| S | LF Rs Rs(H) | ®o(eV) | Du(eV)

ratio (Sm?) m) | (dVv/dInd) | (kQ) | (Cheung | (Norde

kQ) method) | method)

Sn0: Dark 14 1.16x10° |2.42|1.53 8.14 7.78 0.68 0.70

Light 20 1.95x10° 1.36 4.41 4.48 0.66 0.68

rGO-SnO2| Dark 37 4.41x10° [9.95[1.24| 215 2.17 0.65 0.66
Light 82 6.09x10* 0.92 0.17 0.16 0.59 0.59

Uncertainty determination in linear fits is required to get an idea about the
accuracy of the measurement of internal series resistance, barrier height, ideality
factor etc. Uncertainties in linear fits using Cheung’s method are given in Figure

4.9. Average uncertainties for different linear fits are given in Table 4.2.
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Figure 4.9: Uncertainties from the linear fits of Cheung’s method for (a) SnO; Dark (b) SnO>
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Table 4.2: Average uncertainties in linear fits

Sample Condition Average uncertainties in linear fit of
dv/dinJ H(J)
SnO: Dark 0.0126 0.0039
Light 0.0033 0.0016
réGO-Sn0O: Dark 0.0046 0.0019
Light 0.0021 0.0015

For a second verification of the result obtained from Cheung’s equation,

we also used a different method to calculate barrier height of the devices.

According to Norde, the generalized Norde function can be expressed as [24]:
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FW) = - (D) (L) (4.9)

q A*T?
where o is an arbitrary constant which is greater than ideality factor n and other
notations remain same. Barrier height values can be calculated from the following
equation [24],

Dy = Frin(V) + () (P2 -2 (4.10)

n a q

where Fiin(V) and Vpin represent minimum Norde function obtained from graph

and its corresponding voltage respectively. F(V) versus V plot is presented in

Figure 4.10.
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Figure 4.10: F(V) versus Voltage plot for SnO> and rGO-SnO> under (a) dark (b) light

condition

The barrier height obtained from two different methods was also in close
agreement with each other. The barrier height values show same trends for both
the samples. Under light condition, values of barrier height for both the materials
reduces compared to dark condition, possibly due to Fermi level pinning [24].
Barrier height of the rGO-SnO, nanocomposite is lower than that of the pure

SIlOz.

104



All the Schottky diode parameters obtained from Cheung’s method and
Norde method, along with the on/off ratio, conductivity, photosensitivity of the
fabricated device is given in Table 4.1. Above values imply that introduction of
graphene to the SnO, matrix has resulted in reduced turn on voltage of the device.
So, the rGO-SnO; is supposed to be a better material for fast switching device
applications. Under light condition for rGO-SnQO,, the values of Schottky diode

parameters are even better than dark condition.

For an extremely high electron mobility of 15,000 cm?V-'s™! of graphene at
room temperature, it is presumed that the electron fetch and electron-hole pair

separation will enhance in the presence of graphene.

To gain better insight into charge transport properties, carrier mobility and
transit time of carriers are evaluated with the help of standard SCLC theory for

the SCLC region.
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Figure 4.11: J vs V2 plot under (a) dark and (b) light condition

So, the effective mobility is derived from J versus V? plot (Figure 4.11a
and b) for the SCLC region from Mott-Gurney equation [23, 25]:

_ OMefreoEr (V2
pe— i
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where J is the current density, g is the permittivity of the free space, ¢ is the
dielectric constant of the prepared material and s is the effective mobility. The

dielectric constants were derived as 0.29 and 0.64 for SnO, and rGO-SnO;
nanocomposite respectively.

The relative dielectric constant of SnO, and rGO-SnO, are derived from
the following equation:

4.12)
Where C is the capacitance at saturation, ‘/’ is the thickness of the film, & is the

free space permittivity and A is the effective area.

Saturation capacitance value is determined from capacitance versus

logarithm of frequency graphs at a constant bias voltage (Figure 4.12).
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Figure 4.12: Capacitance versus logf graph

The following equation was used to determine transit time of the charge
carriers [26],

__ 9gp&, (K)
~ 8d \J

The density of states (Nf) near the Fermi level is evaluated using the den-

4.13)

Boer method from the SCLC J-V characteristics. The equation for density of
states can be expressed as [27].
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4.14)

Here AEr represents the shift in quasi-Fermi level and is measured from the

following equation [27],

AEy = kTln (’Zi) (4.15)

J1V2
V, and V; are two forward bias voltage taken from SCLC region and J;, J, are

their corresponding current density.

Under dark condition the density of states for SnO, and rGO-SnO, were
1.47 x 10*! m™ and 9.68 x 10*° m>. The low density of states for rGO-SnO;
indicates the presence of a smaller number of defects and traps in the forbidden

gap which eventually increase the dark current density.

Table 4.3: Charge transport parameters

Sample Condition Mobilityx Transit time MeffT
104(m?Vv-1S1) (ns) x10"3(m?V1)

Sn0O2 Dark 0.16 49 7.87

Light 0.32 25 8.22

rGO-Sn0O2 Dark 0.26 34 8.65

Light 3.76 25 9.43

Evaluated values of effective mobility, carrier transit time and mobility-
transit time product are given in Table 4.3. From Table 4.3, mobility of rGO-SnO,
is almost 62% higher than pure SnO,. And under light illumination, mobility
increases about 12-fold for rGO-SnO, compared to its counterpart. This is due to
higher photo-response of the composite. Clearly the high electron generation,
faster transportation of charge carrier and lower recombination under light

influence these results.
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Finally, to further investigate the role of rGO in electron transfer through
MS junction, impedance spectroscopy (IS) measurement was done at a bias
voltage of 500 mV. Figure 4.13 shows Nyquist plot of the devices. The diameter
of the semi-circular arc represents resistance of the MS junction. There is a
noteworthy decrease in the diameter for rGOSnO; diode which implies reduction
in charge recombination and decrement in resistance. Thus, rGO incorporation

leads to better charge transport in the composite device.
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(a) (b)
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Re Z Re Z

Figure 4.13: Nyquist plots for (a) SnO2 and (b) rGO-SnO»

4.4. Conclusion:

In conclusion, SnO, and rGO-SnO, were synthesized successfully using
hydrothermal method and detail characterizations were performed. Comparative
studies revealed that rGO-SnO, based Schottky diode exhibited far better
performance than pure SnO; based Schottky diode. rGO-SnO; based Schottky
diode shows better rectification, lower turn on voltage and a 4 times higher
photosensitivity. SCLC theory was employed to calculate carrier mobility and
transit time. rGO-SnO, based diode shows superior charge transport phenomena
with a sharp rise of 62% in carrier mobility. Finally, from the different results we
got, we can conclude that rGO-SnO; is promising material as an upgrade on SnO;

for better rectifying, fast switching and photosensitive device.
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Chapter 5

Findings of inhomogeneity in barrier
height of Schottky junction Al/rGO-
SnO2 having anomaly in theoretical

and experimental value of Richardson

constant: A Gaussian approach
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Abstract

In this research, the temperature dependent dynamical behaviour of
Schottky junction Al/rGO-SnO; has been investigated with thermionic emission
(TE) theory within the temperature regime 303 K to 423 K at interval 20 K.
During analysis of electrical charge transport behaviour an anomalous change is
observed in the value of ideality factor and barrier height with rising temperature
for the junction. Experimentally derived Richardson constant (of the order 10-
SA/m?’K?) using TE theory is exceptionally substandard to the theoretical (of the
order 10°A/m?K?) values. The beauty of this work is to find out the underline
physics for this discrepancy in measurement of Richardson constant (might arose
due to inhomogeneity in barrier of metal-semiconductor junction) by assuming
the Gaussian distribution of the barrier height with TE theory at the junction. It is
obvious that the occurrence of barrier inhomogeneity across the junction leading
charge transport phenomena which mostly impacting upon the parameters of
Schottky diodes and its nature because of intrinsic formation of ripples and ridges.
In this study, it is found that the charge transport mechanism is highly follows the

single Gaussian distribution.
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5.1. Introduction:

%in film-based Metal-Semiconductor (MS) Schottky Barrier Diode

(SBD)s [1] have attracted huge attention for its wide range of applications,
especially in the micro-electronic devices such as optoelectronic [2], bipolar
integrated circuits [3] and high frequency device applications [4]. Several current
transport mechanisms such as thermionic emission (TE), barrier tunnelling and
carrier generation-recombination at space charge region have been studied to
explain various MS junction. Moreover, for the unique features like high
conductivity, wide optical transparency and great compatibility for thin film
fabrication, graphene composite has proven itself as an important candidate for

application in Schottky barrier diodes (SBDs) [5].

As various defects in the crystalline structure effect on material’s
characteristics under the impact of different environments, having high grain
boundary density graphene composites can be influenced by the operating
environment [6]. The current conduction mechanism of SBDs depends upon
numerous parameters like the operating temperature of the device, barrier height
inhomogeneities at MS junction, internal series resistance, functional bias

voltage, process of diode preparation [7].

Moreover, there has been growing interest towards rGO-SnO;
nanocomposite in bio sensors [8], Schottky diodes etc. [9]. The reported band gap
value of rGO-SnO; is nearly 3.1 eV for the rutile structured SnO, decorated in
rGO layers [10].

The performance and reliability of rGO-SnO; based SBD is dominated by
ideality factor, Schottky barrier height (SBH), active metal semiconductor
interface, density of interface states and internal series resistance at the metal—
semiconductor (MS) junction [11]. For an ideal SBD, ideality factor is 1 and the

barrier height is measured simply by the difference between the work function of
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the metal and the electron affinity of the semiconductor [12]. Barrier height (BH)
influences depletion layer width as well as charge transport mechanism through
the MS junction. Usually, the electrical characteristics of SBD is highly
influenced by the quality of interface. The room temperature conductivity and
barrier height are not sufficient to understand the whole underlying mechanism.
Many efforts have been made to comprehend the barrier height characteristics of

rGO-Sn0O, based SBDs as well as the conduction process at room temperature.

A number of theories are reported there to explain some of experimental
facts [13], [14]. At higher temperatures, metal contact may worsen due to
diffusion into semiconductor and prepares a weakened MS junction. The
operation at high temperature of SBDs with nanocomposite is often essential in
application field. The increasing temperature can perturb the device parameters
as well as the performance [12]. Different types of Gaussian distribution models
are used to clarify the effectuality of barrier height with temperature. To the best
of our knowledge, however, the performance of the Al/rGO-SnO,/ITO SBD at

different temperatures has not yet been documented.

The performance of Al/rGO-SnO,/ITO SBD with varying temperature
from 303 K to 423 K have been studied and reported accordingly. In this analysis,
an anomalous dependency of barrier height and ideality factor on temperature is
observed. This anomalous behaviour is clarified and demonstrated with a double
Gaussian distribution (GD) of the BHs around a mean value for this device

structure.

5.2. Result and discussion:

5.2.1. Powder XRD analysis:

The powder XRD is a common and useful technique to characterize
nanoscale material. The change in dislocation density due to the change in

crystallite size on thermal treatment of the nanocomposite material can also be
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determined from XRD data using Scherrer equation [15]. Figure 5.1 shows
powder XRD patterns of rGO-SnO, nanocomposite before and after heat
treatment. The pattern obtained after heat treatment is broadened followed by
decrease in peak intensity of the material that might have occurred due to the
change in crystallites’ size and hence effective surface area. Using the Scherrer
equation, the crystallite size (D) and dislocation density (6) of rGO-SnO,
nanocomposite for each hkl plane (fitted with JCPDS 77-0452 of SnO,) before

and after heat treatment are estimated and given in Table 5.1:

k2
- P cos@

(5.1)

Here, p is the full width half maxima of peaks in radian and k is shape
factor usually taken as 0.89.
And

s=1 (5.2)

Increase in dislocation density for each hkl plane after heat treatment
assures defects increment in material [16]. This increment might impact upon the

optical absorption of the derived material.

JCPDS 77-0452 ——rGO-Sn0, at 423K

Intensity (a.u)

——rG0-5n0, at 303K

Intensity {a.u)

10 20 30 40 50 60 70
20 (degree)

Figure 5.1: PXRD patterns of as-prepared rGO-SnO- before and after heat treatment
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Table 5.1: Crystallite size and dislocation density

Material Heat Plane (hkl) BcosO Crystallite | Dislocation
Treatment size (D) density (9)

(nm) (nm??)

rGO-SnO2 | Before 110 0.0434 3.19 0.098

(at 303K) 101 0.0348 3.98 0.063

211 0.0399 3.47 0.083

112 0.0205 6.76 0.022

After 110 0.0533 2.60 0.148

(at 423K) 101 0.0411 3.37 0.088

211 0.0551 2.51 0.159

112 0.0242 5.73 0.030

5.2.2. UV-Visible spectroscopy analysis:

The optical absorbance spectra are recorded within wavelength range of
230-600 nm. Figure 5.2(a & b) represent that the absorption edge is shifted from
higher UV region to lower one after heat treatment of the sample. The optical
band gap of the rGO-SnO, composite at 303 K and 423 K are determined as 2.9
eV and 3.5 eV with the help of Tauc plot [ Figure 5.2(c & d)] respectively.

Tauc’s equation related to these plots is as follows [17]:
ahv = C(hv — E,,)" ) (5.3)

where, a is the absorption coefficient, and C is a constant. Here, n was taken as

1/2 for direct transition.

These optical band gaps (Eu,) are calculated by extrapolating the linear
portion of the plot of (ahv)? vs hv [Figure 5.2(c & d)] on the energy axis. Increase
in optical bandgap rather a rigorous change in absorption edge indicates decrease
in particle size and hence increase in surface area, which might lead to change in

pore size/porosity or occurrence of various interstitial defect states. These
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interstitial defects impact upon the carrier transport mechanism whenever the

sample is introduced within the device.
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Figure 5.2: UV-Visible absorbance spectra and Tauc plot of rGO-SnO- at 303K (a, c)
and (b, d) 423K

5.2.3. BET characterization:

Electrical conductivity is related to pore-size and porosity of the
nanomaterial. The influence on charge conduction mechanism because of defects,
arising due to change in specific surface area during formation of interface [18]
within device affects the electrical conductivity. To find out pore size, BET is
performed for the composite. Figure 5.3(a&b) illustrate the hysteresis loops of
the nitrogen adsorption/desorption isotherms of the samples collected at 303 K
and 423 K respectively through a relative pressure range of 0.1-1. The graphs
correspond to the type I isotherm with a type H, hysteresis loop. A type H;
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hysteresis loop is frequently linked with ink-bottle pores with random size
distributions of cavities and neck. Figure 5.3(c & d) represents 1/[V(Po/P)-1] vs
P/Py plots, determined using the BET equation in relative pressure range of 0.05
< P/Py < 0.35. The emergence of an ultra-microporous or nano-porous structure
with a high surface area of 205.37 m?/g (for 303 K) and 357.09 m?/g (for 423 K)
are confirmed by this sort of isotherm, which are accompanied by 0.7713 nm and
0.7049 nm pore size with pore volume 0.144 cc/g and 0.235 cc/g respectively.
The results depict that after high (423 K) temperature treatment, the pore size
decreases with increasing pore volume and specific surface area accordingly [19].
The increase in specific surface area produces large number of defects at interface

[20].
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Figure 5.3: (a, b) N> adsorption—desorption isotherm for rGO-SnOx (¢, d)1/V(Po/P-1) variation

with relative pressure
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5.2.4. Thermogravimetric analysis:

As discussed earlier the purpose of this measurement is to determine the
purity percentage of rGO in the rGO-SnO, composite and to analyse its stability
with temperature. The Figure 5.4 depicts TGA curves in the temperature range
from 30°C to 800°C. There are two distinct weight loss pathways for rGO-SnO,.
The dislodgement of absorbed water causes 5 % weight loss in the range of room
temperature to 110°C [21]. The breakdown of oxygen-containing groups causes 4
% mass loss from 110°C to 425°C. The weight loss (3.5 %) is attributable to the
degradation of the carbon skeleton at high temperatures, between 425°C and
600°C. This decomposition process results in considerable weight reduction,
showing that the samples are devoid of rGO. So, the weight percentage of rGO
in composite is 7.5 %. From the analysis, it is concluded that thermal stability of
composite is high enough compared to the operating temperature (303 K423 K)

of the device and there is no degradation of composite during the experimental

procedure.

100 200 300 400 500 600 700 800
Temperature (°c)

Figure 5.4: Thermogravimetric curve for rGO-SnO;

5.2.5. Electrical characterization:

To intervene into the change in charge transport phenomena of the material

at different ambient temperature the current voltage characteristics is recorded for
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the fabricated device of sandwich structure ITO/rGO-SnO,/Al. Figure 5.5a
shows current—voltage (I-V) characteristics of ITO/rGO-SnO,/Al for the
temperature range of 303 K-423 K with an interval of 20 K, which depict
rectifying nature implying formation of Schottky barrier diode (SBD). Figure
5.5b exhibits Semi-logarithmic 1-V characteristics. Supported by thermionic
emission (TE) theory the rectification nature of SBD can be analysed for a

forward bias voltage V (>3kT/q).
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Figure 5.5: Temperature variation of (a) I-V characteristics (b) Inl vs V graph (c) ideality factor
and barrier height (c) series resistance of Al/rGO-SnO/ITO configuration

The ideality factor can be measured at each temperature from the slope of

forward Inl-V (Figure 5.5b) plot using the following equation [22, 23],

— 1
n=1r

(

av
dInl

)
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From extrapolation of this plot to V =0, one can evaluate reverse saturation
current. From the value of reverse saturation current, effective BH can be easily

estimated by rearranging equation 1.12 as equation 5.5 [11],

@bg =%ln(

AA*TZ)

- (5.5)

At higher bias voltage, I-V curve shows deviation from linearity due to
interface states and series resistance (R;). This series resistance is a current
limiting factor which differs due to both the bias voltage and applied temperature.
The R, values for different temperature are estimated from I to V characteristics
curve (Figure 5.5a) by using Mikhelashvili method [24], listed in Table 5.2.

Mikhelashvili function a(V) is represented by the following equation [25],
a(V) = d(Inl)/d(InV) (5.6)
Value of R according to Mikhelashvili,

R, = —max (5.7)

2
maxImax

Where, Inax 1s the respective current of Viyax where Vi 1s the voltage of the

maximum point of a(V) versus V graph.

a(V) versus V graphs are shown in Figure 5.6.
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Figure 5.6: a(V) versus Voltage plot in different temperature for rGO-SnO>

The derived values of ideality factor, reverse saturation current and barrier
height are enlisted in Table 5.2. In this consequence the Richardson constant is

estimated from theoretical approach as illustrated below.

The value of effective mass (m.’) of tGO-SnO, at 303 K and 423 K, are
obtained (0.88m, and 0.9m,) from the following equation [7],
me =m me
Where,

2

1 14
— =1+ (5.8)

* 2meE,

where m, (= 9.1 x 103! kg) is the free electron mass, E, represents the optical
bandgap of rGO-SnO, (obtained from optical data) differs with temperature (2.9
eV and 3.5 eV respectively) and momentum p = AG= A/a (G is the smallest
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reciprocal lattice vector and ‘a’ is the highest lattice constant). The value of ‘a’is
found to be 0.3199 nm from the JCPDS data which are same for material at
temperature 303 K and 423K. The estimated effective Richardson constant at 303
K and 423 K are 1.057 x 10° A/m?’K? and 1.081 x 10° A/m’K? respectively derived

from the equation.

__ 4mm, k?q

*
A = 3

(5.9)

where, h is Planck constant.

The change in barrier height and ideality factor with temperature,
represented in Figure 5.5(c) indicates an increment of barrier height and a
decrement of ideality factor with increasing temperature. Figure 5.5(d) exhibits
decrease in internal series resistance along with temperature. The formation
mechanism of barrier height depending upon the thermal treatment could be

understood with the help of band diagram (schematic presentation) as indicated

below:
0 I~ 3 "o
|
1.5 1 >
| % :
251 2 &
3 .
~ 35| -~ ~ 4 v~
% Oy,
q:) | ———
T 45 ,
ef I E,=29eV
23 | g
= I - Yo
6.5 |
|

Figure 5.7: Schematic Energy band diagram of the MS device
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Figure 5.7 represents certain barrier height, formed in the device at room
temperature. With the increase of the temperature, band gap increases i.e., the
bands of the semiconductor probably shifted from their previous position creating

a high barrier height [26] (given in Table 5.2).

The high values of ideality factor (7able 5.2) indicate spatial barrier
inhomogeneities and occurrence of interface states at MS junction. The large
value of ideality factor (I.F), highly depends on current transportation mechanism
that will be dominated by the electrons impinging through the SBH [27]. In a
practical Schottky diode, SBH may not be exactly same over the entire interface
area due to a variation in thickness of contact layer, composition of the junction
layer and non-uniformity of interfacial charges etc [28]. As conduction of carriers
is influenced quite a bit by temperature, at low temperature the conduction
electrons can overcome the lower barriers through tunnelling [29]. With an
increase of temperature, the charge carriers get adequate kinetic energy to
overcome the patches of higher barriers through thermionic emission [30, 31]. In
this study, the barrier height increases with increasing bias voltage and
temperature, those attributed to deviation from ideal thermionic emission theory

(32, 33].

Table 5.2: SBD parameters in different temperature

T(K) 10105 (A) n (IF) @bo (€V) Rs (Q)
303 1.183 4.797 0.647 1771.48
323 1.461 4.488 0.687 1376.07
343 1.747 3.870 0.728 884.29
363 2.377 3571 0.765 409.55
383 3.337 3.298 0.799 341.57
403 4.476 3.239 0.834 242.89
423 6.787 2.971 0.864 138.44
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One should check whether this deviation might influence the value of
Richardson constant. For this very purpose, equation 1.15 is taken into

consideration.

The activation energy plot i.e., In(Io/T?) against q/kT is plotted with the
help of equation 1.15. This plot implies a bowing trend rather than a straight line
(while Schottky barrier is independent of temperature). A* can also be evaluated
from the intercept (Figure 5.8). Figure 5.8 shows two linear temperature regions,
one from 303 K to 363 K (referred as section I) and other from 383 K to 423 K
(referred as section II). These A*s (6.211 x 10°A/m?K? for section I and 4.034 x
103 A/m?K>?for section II) are much lesser than theoretical values as obtained
earlier. The deviation in experimental value of A*is probably due to the existence
of charged surface states, metal induced gap states, material defects [34], barrier

potential fluctuation of junction [35] etc.

-21.6
o ——Section |

-21.8- Section Il
-22.0- o A'=4.034x10"° AIm’K?

= 22271 geen °

=)

= -22.41 N
-22.6- Sec |
2.8 A'=6.211x10° Aim2K?

26 28 30 32 34 36 38 40
a/kT (eV)

Figure 5.8: In(Io/T?) versus q/kT plot for Al/rGO-SnO»/ITO configuration

To intervene into the barrier inhomogeneity, @y vs 1 (IF) is plotted and
treated by Tung’s theoretical approach, a linear relation between ¢ v and n (IF)
[36]. Figure 5.9 interprets the above indicated correlation curve which implies
two different linear regions (Reg-I and Reg-II) of different slope. Lateral
inhomogeneities of the barrier height may be the cause of occurrence of these two
regimes. Considering n = 1, @po are determined as 0.973 eV and 1.199 eV

respectively from these plots.

128



0.90

—— Region |
Iy o =1.368-0.169n Region Il
0.85- "

o for =1, ¢ =1.199 eV

0.80 o

Reg Il
0.751 e

Reg |
0.70 0, =L 05700840 o
0.651 for n=1, Pra— 0.973 eV

30 35 40 45 50
Ideality factor (n)

Barrier Height (eV)

Figure 5.9: Barrier height vs Ideality factor for temperature range 303K to 423K

In Figure 5.8 for region-I the charge transport mechanism is ruled by TE
mechanism whereas for region-II is ruled by thermionic field emission theory
[30]. These two linear regions could be best fitted to two Gaussian distributions
(GD) plots, GD-I (Reg-I) and GD-II (Reg-1II) [35]. Here, the GD model is implied
to explain the junctional inhomogeneities. This model of inhomogeneous

Schottky barrier follows a GD relation [37].

Dap—Bbo
P(8ap) = 7= exp (—27) (5.10)
and the related current I(V) is

IV) = [ 1(Bap, V) P(Bap) APy (5.11)

where ¢, denotes experimentally measured apparent barrier height and \/_

the normalization constant of the Gaussian distribution where o, is standard

deviation.

I ((D ap» V) indicates current flow at a bias voltage V according to ideal TED theory

and P((Z)ap) is the accuracy probability for BH [38]. In this model ¢, 1s related
to dwo as [39],

Oup = Dpo(T = 0) — 12 (5.12)
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To get insight of the best fitted GD (of the type: single or double or
multiple) of BH, the plot of ¢., against q/2kT is drawn. Figure 5.10a represents
two distinct regions within the curve, with two different slopes approving double
Gaussian distribution. The slope of each straight line yields the standard deviation
whereas intercept gives the barrier potential. Here the value of ¢y is 1.465 eV
and 1.339 eV and value of 6, 1s 0.19 V and 0.209 V for region-I and region-II,
respectively. Generally lower value of o, indicates lower barrier inhomogeneity.
As the slopes seemed quite closer in magnitude, there is every possibility to
explain the phenomena by using single GD method. By implying single GD
method (equation 5.12), the parameters ¢n and o related with barrier

inhomogeneity are estimated as 1.41 eV and 0.2 V (Figure 5.10b).
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Figure 5.10: Pap against q/2kT plot to check (a) double and (b) single Gaussian

To estimate the modified value of A*with above approach, the Arrhenius

equation (equation 1.15) of the form,

in (3) - (2";"52) = In(A4") - L2 (5.13)

is considered. Considering the intercept of the extrapolated curve of In(Iy/T?)-
q’0*/2k*T? against q/kT (Figure 5.11) the value of A* is calculated as 1.169x10°

A/m?K? which is close to the theoretical value.
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5.3. Conclusion:

In this research work the temperature dependent current—voltage relation
of Al/rGO-SnO,/ITO Schottky diode are measured within the temperature range
of 303 K-423 K at interval 20 K. While the curves are analysed to intervene into
the charge transport mechanism, an incongruity is observed in the value of
ideality factor and barrier height with rising temperature. The value of Richardson
constant (of the order 10°A/m?*K?) derived from experimental data by using TE
theory is remarkably substandard to the theoretical (of the order 10°A/m*K?)
value. The discrepancy for barrier inhomogeneity is shorted out in Figure 5.8.
In(I¢/T?) versus g/kT plot for Al/rGO-SnO,/ITO configuration. illustrated by
adopting the Gaussian distribution (of kind single and double) analysis. The
theoretical model of single Gaussian distribution of barrier inhomogeneity
approves our approach and is sufficient to provide satisfactory insights of the
leading parameters of charge transportation through junction. From the modified
Richardson plot, it is confirmed that the evaluated values of Richardson constants
are in close agreement to the theoretical values. Thus, it can be concluded that the
temperature dependent current—voltage (I-V) characteristics of Al/rGO-SnO;
Schottky junction can be successfully explained based on TE theory assuming a

single Gaussian distribution of the barrier height.
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Abstract

In this work, we report two different synthesis process of semiconducting
ZnO which modifies the morphology of the ZnO materials and its impact in
photosensing Schottky diode. Hydrothermal and co-precipitation method were
used to synthesize ZnO which gave rise to rod like (ZnO HT) and particle like
Zn0O (ZnO COP), respectively. From UV—Vis analysis, ZnO HT exhibited greater
optical absorption. Al/ZnO (HT and COP)/ITO Schottky diodes were fabricated
and the photo-response as well as diode parameters were investigated by current-
voltage and capacitance voltage measurements. Then charge transport properties
were determined by space charge limited current theory and impedance
spectroscopy. The results showed that the ZnO HT based SBD delivered a
responsivity of 0.144 A/W which is 121% higher than the responsivity showed
by ZnO COP based SBD (0.065 A/W). The specific detectivity of ZnO HT was
measured at 7.54 x 10° Jones, a noticeable improvement from the 4.10 x 10° Jones
of ZnO COP. The carrier mobility, lifetime and diffusion length of the ZnO HT
based device were found to be 0.0014 cm? V'!'s™!, 72.35 ps and 72.37 pum
respectively which are again superior to its counterpart. The faster and better
charge transport is facilitated by the rod like morphology of the former. The study
demonstrates improved device performance of rod like ZnO based Schottky diode
and provides detail analysis of the Al/ZnO interface which can be beneficial for

future research on metal-semiconductor junction.
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6.1. Introduction:

Fora long time, zinc oxide (ZnO) has been the centre of intensive research

and it continues to be so due to its optical transparency, non-toxic environment
friendly nature, simple cost- effective synthesis procedure and promising
applications. Due to hexagonal wurtzite crystal structure and noncentro symmetry
of the oxygen atom in tetrahedral coordination geometry, ZnO exhibits exciting
properties [1, 2]. Equipped with these favourable attributes, ZnO has been
extensively used for electronic, optoelectronic, and electrochemical applications
such as Schottky diodes, lasers, thin-film transistors, piezoelectric devices, light-
emitting diode, photovoltaic cell and gas sensors [[3], [4], [5], [6], [7], [8], [9],
[10], [11], [12], [13], [14], [15], [16], [17], [18]].

Among them, metal-semiconductor Schottky barrier diodes (SBDs) are
one of the most important devices for radio frequency (RF) electronics,
optoelectronics, and fast switching device application. Not only that, they offer
an interesting platform for material characterization [[19], [20], [21]]. The
performance of a Schottky diode is influenced by the material properties and
especially, by the morphology of the materials. Over the past decade, application
of rod like structures of ZnO has received widespread attention due to a large
surface-to-volume ratio with reduced dimension [2]. Significant time and effort
are being devoted for high-quality ZnO-based Schottky diode fabrication and
their characterization using a variety of techniques [[22], [23], [24], [25], [26],
[27]]. The morphology of ZnO can change depending upon the synthesis

technique and that change can affect its performance in a Schottky device.

To have a good understanding of the metal-semiconductor interface, along
with current-voltage (I-V) characteristics, capacitance-voltage (C—V) and

impedance spectroscopy measurements can play a pivotal role. In addition, the
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analysis of charge transport from [-V and impedance spectroscopy is very

important.

So, in this paper, we report the synthesis of ZnO with particle (ZnO COP)
and rod like (ZnO HT) morphology by coprecipitation and hydrothermal method,
respectively. Thereafter Al/ZnO SBD are fabricated and their photoresponse is
compared. To investigate the Al/ZnO interface, different diode parameters are
analyzed from I-V and C-V measurements. Finally, the charge transport
parameters are extracted from space charge limited current theory and impedance
spectroscopy analysis for further understanding of the metal-semiconductor

junction.

6.2. Materials and methods:

To synthesize ZnO nanomaterial of different morphology, coprecipitation
and hydrothermal process was utilized. In two separate beakers, 0.1 M
Zn(CH3COOQ); and 0.1 M NaOH aqueous solution was prepared. After that, the
Zn(CH3COOQ); solution was divided into two equal volumes and kept in separate
beakers. For the synthesis of ZnO COP, NaOH was added dropwise to one of the
Zn(CH3COQ); solution and the mixture was vigorously stirred for 12 h. The
product that ensued was washed thoroughly with distilled water and ethanol. The
resultant was vacuum dried at 60°C to achieve the final product in white powder
form. To synthesize ZnO HT, a similar process was carried out until the stirring.
Once the stirring was done; the solution was transferred to a Teflon lined
autoclave and kept at 160°C for 24 h. After that heating was stopped and the
solution was kept at same state to age for 1 day. After washing the resultant
solution thoroughly with distilled water and ethanol, it was dried in vacuum at

60°C. A white powder was obtained as final product.
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6.3. Results and discussion:

6.3.1. XRD analysis:

Figure 6.1 shows the XRD patterns of ZnO COP and ZnO HT. The XRD
was performed to confirm the phase purity of the samples. The XRD pattern of
both the ZnO samples i.e., ZnO COP and ZnO HT showed the peaks at 20 =
31.69°, 34.38°, 36.16°, 47.51°, 56.55°, 62.86°, 66.50°, 67.99° and 69.06
corresponding to the planes (100), (002), (101), (102), (110), (103), (200), (112)
and (201) of ZnO in a hexagonal wurtzite lattice (supported by JPCDS card no.
36-1451) [28, 29]. Presence of these peaks for both the materials and the peak
positions confirms successful synthesis of ZnO. The peaks of the ZnO COP were
broader than the peaks of ZnO HT, which suggests smaller crystallite size for the
synthesized ZnO COP compared to ZnO HT, a fact supported by Table 6.1.

However, the absence of any secondary phase confirms the synthesis of pure and

single phase ZnO.
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Figure 6.1: XRD images of ZnO HT and ZnO COP

The interplanar spacing is calculated from the Bragg’s law (equation 2.1).

The crystalline sizes of the ZnO samples are also calculated from Williamson-
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Hall plot (Figure 6.2a and b). These plots are drawn using the equation below

130, 31]:

pcos 6 =%+usin9

(6.1)

The average crystallite sizes are determined to be 51.16 nm and 20.24 nm

for the ZnO HT and ZnO COP samples, respectively.
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Figure 6.2: Williamson-Hall plot for (a) ZnO HT and (b) ZnO COP
Table 6.1: XRD parameters of different planes
Peak position [20 (degree)] Interplanar spacing [d (A)] Miller indices
ZnO HT ZnO COP ZnO HT ZnO COP (hkl)
31.69 31.67 2.82124 2.82298 (100)
34.38 34.34 2.60640 2.60935 (002)
36.16 36.21 2.48208 2.47877 (101)
47.51 47.48 1.91224 1.91337 (102)
56.55 56.44 1.62612 1.62903 (110)
62.86 62.54 1.47721 1.48399 (103)
66.50 66.59 1.40491 1.40322 (200)
67.99 67.85 1.37770 1.38020 (112)
69.06 69.01 1.35894 1.35981 (201)
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The lattice parameters a and c, found from the equation for hexagonal

lattice parameter, are enlisted in Table 6.2:

2 2 2
1 _ 4hithkel? 12 6.2)

2 T 2 2
dip 3 a c

Table 6.2: lattice parameter of ZnO HT and ZnO COP

Lattice parameters
a=b (A) c(A)
ZnO HT 3.25626 5.21281
Zn0O COP 3.25969 5.21870

6.3.2. SEM analysis:

The morphology of the samples can play a decisive role in their device
performance. So, SEM was done to analyze the morphology of the synthesized
materials. The SEM images of the synthesized ZnO COPs and ZnO HTs are
presented in Figure 6.3(a) and (b), respectively. In Figure 6.3(a), some

agglomeration was seen for the ZnO COP.

Figure 6.3: SEM images of synthesized (a) ZnO COP and (b) ZnO HT materials

The morphology of ZnO COP particles was found to be spherical and the
particle size was around 500 nm. Fig. 5.3(b) reveals the morphology of the ZnO
HT particles. In the ZnO HT, no such agglomeration like ZnO COP was seen. The
figure shows that the morphology of ZnO HT is rod like while the length of the
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rods is around 10 pm and the width is in the range of 400-800 nm. So, it is seen
that the synthesis process has affected the morphology of the synthesized ZnO

materials.

6.3.3. FTIR Analysis:

Fourier transform infrared (FTIR) spectroscopy experiment was carried out
for the synthesized ZnO materials to find out the functional groups in the samples
and the obtained spectra is given in Figure 6.4. The FTIR peak positions for both

the samples were same.
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Figure 6.4: FTIR spectra of ZnO HT and ZnO COP

The broad band centred around 3500 cm! region is ascribed to the O—H
stretching vibrations of the hydroxyl groups and the peaks around 2362 cm™! are
due to the presence of oxygen [32, 33, 34]. There is another small peak at 1395
cm’! which corresponds to an O—H bending vibration [32, 33]. The peaks at 900
cm’!, 641 cm™!, 470 cm! has been allotted to Zn—O stretching vibration [32]. At
1650 cm!, another peak was observed, and attributed to the first overtone of the
crucial stretching mode of OH [35]. There is a sudden change between the
transmittance of ZnO HT and ZnO COP near 600 cm™'. This can be due to few
probable reasons. One probable reason is that, this is due to difference of

concentration and thickness or path length through the samples. Another reason
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may be the difference in amount of that particular Zn—O bond present in the
different samples. Scattering in the samples may also affect their transmittance.
However, most importantly, the FTIR analysis shows presence of peaks related
to the Zn—O bonding in both the samples which confirm the successful synthesis

of ZnO HT and ZnO COP.

6.3.4. UV—vis absorption analysis:

To explore the optical absorption property of the synthesized materials,
UV-Vis absorption spectroscopy was performed. The obtained absorption spectra
are given in Figure 6.5(a) for the wavelength range between 300 nm and 800 nm.
The figure shows enhanced light absorption for the ZnO HT compared to ZnO
COP, especially in the visible wavelength region. Further, to find out the optical

band gap of the materials Tauc’s equation (equation 5.3) was employed.

To find out the band gap from Tauc’s plot [given in Figure 6.5(b)], a line
was extrapolated from the linear region of the graphs to the X-axis. The band gap
of ZnO HT and ZnO COP was found to be 3.22 eV and 3.25 eV from the plot.
The lower band gap and higher light absorption of ZnO HT implies that it should
show higher photo-response in the fabricated Schottky diode.
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Figure 6.5: (a) UV—Visible spectra and (b) Tauc’s Plot of ZnO HT and ZnO COP
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6.3.5. Current-voltage (I-V) measurements:

To analyse the electrical properties of MS junction formed between the
synthesized ZnO of different morphology and aluminium, current-voltage (I-V)
measurement of the fabricated devices are performed in the voltage range -1 V to
+1 V. The experiment is first carried out under dark and then under white light
illumination to have a glimpse of the photosensitivity. The -V characteristics
curves for dark and light conditions are given in Figure 6.6. The I-V graph with
current in log scale (y-axis) is also provided in the inset of Figure 6.6. All the -
V graphs showed rectifying nature with rectification ratio of 25 and 35 for ZnO
COP and ZnO HT respectively, under dark condition. For both the devices, there
was slight improvement in rectification under light. The rectifying nature of the
curves points towards a Schottky barrier formation. The ZnO our experiment and

showed higher current and rectification.
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Figure 6.6: Current-voltage (I-V) characteristics graph for all the devices under dark and

light (Inset: Current-voltage graph with current presented in log scale (y axis))

It is important to also assess the photo-response of the devices for potential
optoelectronic application. So, [-V measurement was done under a white light

illumination of 100 mW/cm? intensity. Parameters such as photosensitivity (S),
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responsivity (R) and specific detectivity (D) are necessary to analyse the merit of

a photo-sensing device. These are calculated by using equation 4.2, 4.3 and 4.4.

The results obtained are given in Table-6.3. The results show better
photoresponse in the devices fabricated with ZnO HT compared to the device
fabricated with ZnO COP. Especially, the responsivity of ZnO HT based SBD
was 0.144 A/W which is 121% higher than that of the ZnO COP.
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Figure 6.7: Schematic diagram for working mechanism of photoresponse in Al/ZnO HT/ITO
and Al/ZnO COP/ITO SBDs

The better photosensing performance of ZnO HT has been demonstrated
by energy band diagrams in Figure 6.7. The UV—Vis analysis revealed that the
band gap of ZnO HT is less than that of ZnO COP. Upon light illumination, more
photoinduced charge carriers are generated in ZnO HT. On top of that, the lower
energy of band gap of ZnO HT ensures that higher number of electrons can reach
the conduction band of ZnO HT compared to the number of electrons that reaches
the conduction band in ZnO COP. Therefore, finally more electrons can reach the
electrode in ZnO HT, thus resulting in more photocurrent. The photosensitivity
and specific detectivity also improved for ZnO HT. This is due to the enhanced

light absorption of the ZnO HT material as is evident from the UV—Vis absorption
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analysis. As can be seen from the Table-6.3, the responsivity and specific
detectivity values of our devices were comparable or better than some of the
reported values for ZnO based Schottky type photodetectors [36, 37]. Tian et al.
reported with 0.028 A/W responsivity for ZnO based UV photodetector whereas
Wang et al. reported a responsivity of 0.00125 A/W for ZnO/Ag Schottky
junction. So clearly our devices, specially the one based on ZnO HT performed

quite well in this regard and have potential for photodetector application.

For the purpose of extracting Schottky parameters, -V curve in log-log
scale is presented in Figure 6.8, where three regions are noticed appertaining to
different conduction mechanisms. In the first region, the current is dominated by
tunnelling of bulk generated electrons and the slope is around 1 [38, 39]. The

charge conduction is modified by presence of traps at the MS interface.
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Figure 6.8: -V graph in log-log scale

Implying Cheungs’ equation (equation 4.7 and 4.8) and considering
Richardson constant as 32 A K?m™ in this case ideality factor, barrier height and

series resistance are calculated to further analyse the devices.
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Figure 6.9: dv/dInl vs I and H(I) vs I graph under dark ((a) and (c)) and light ((b) and (d)) for
Al/ZnO COP/ITO and Al/ZnO HT/ITO Schottky diodes

The dV/dInl vs I graph, shown in Figure 6.9 for both dark and light
condition, can provide the ideality factor and series resistance from the y axis
intercept and slope of the graph, respectively. Barrier heights and a second
approximation of series resistance were obtained from the H(I) vs I graph (Figure
6.9). The values of series resistances were calculated from the slope of the graphs
and the barrier height values were extracted from the y axis intercept. First and
second approximation of R from dV/dInl vs I and H(I) vs I gave us almost similar
results, thus authenticating the consistency of this method. The series resistance
of the ZnO HT based SBD is significantly lower than ZnO COP based SBD as
shown in Table-6.3. This is indicative of better device performance of the ZnO
HT. However, the diodes didn’t show ideal junction behaviour with ideality
factors being larger than 1 for all the cases, probably caused by the presence of a

thin oxide layer at the Al/ZnO junction or barrier electron tunnelling. Carrier
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recombination process within the depletion region may have played a part, too.
The i1deal factor of ZnO HT based SBD is slightly closer to 1, which implies a
better junction behaviour. However, there is not much difference in the barrier
heights of the devices. The ideality factor and barrier height for both the devices

are given in Table-6.3.

Table 6.3: SBD parameters from [-V

SBD Cond" | Rectification |S (%)|R (A/W)|D" (Jones) Rs Rs (H)| Ideality | Barrier
ratio x10° (dv/dinl) | kQ | Factor | Height
kQ (eV)
All ZnO Dark 25 58 | 0.065 | 4.10 0.54 053 | 1.76 0.60
COPTITO  Flight 27 033 [038| 175 | 058
All ZnO HT/ | Dark 35 89 | 0.144 | 754 0.44 048 | 1.74 0.57
ITO Light 53 021 |[0.24| 170 | 057

6.3.6. Capacitance-voltage measurements:

To further characterize the diodes, capacitance (C) versus voltage (V)
measurements was performed. This method also can be used to determine barrier
height, along with built in potential and depletion layer width. 1/C? vs voltage
graph for the SBDs is shown in Fig. 5.10, at I MHz frequency with 50 mV

oscillatory voltages.
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Figure 5.10: 1/C*vs V graph for the Al/ZnO HT/ITO and Al/ZnO COP/ITO SBDs
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The linear portion of the graph was extrapolated to obtain the built-in
potential (Vyi) of the SBD from X-axis intercept following the equation [40, 41]

derived from equation 1.16:

C-2 = 2(VpitV)
q&,-£0A%N)

(6.3)

The relative dielectric constant for this equation is measured from
capacitance vs frequency plot of the film at a constant bias potential, presented in

Figure 6.11 by employing equation 4.12.
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Figure 6.11: Capacitance vs Frequency graph for ZnO COP and ZnO HT

Np is derived from the slope of 1/C>-V plot. The graph shows that the slope
of the linear portion is higher for ZnO COP than the slope for ZnO HT which
indicates higher Np value for ZnO HT, as that is inversely proportional to the
slope. The X-axis intercept denotes higher built in potential for ZnO COP based
SBD. The built-in potential of ZnO COP based SBD was 0.90 V and that of ZnO
HT based SBD was 0.85 V. Depletion layer width of a diode is indicative of its
performance. So, the depletion layer width (Wp) was also extracted from [40, 41]:

1

Wy = (Fru): (6.4)
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Thereafter, another determination of the barrier height (¢») is done by using

the equation [40, 41]:

(Ec—Ep) kT N
Op = Vi +———= Vi + (;) [lnN—Z (6.5)

where Ec and Er are the conduction band edge energy and the Fermi level energy

respectively, and N¢ is density of states of conduction band-

* 3/
Zn'mekBT) 2

NC:Z( h?

(6.6)

The values of Vyi, Np, Wp and ¢, are given in Table-6.4. The ZnO HT has
higher value of Np than the ZnO COP, which explains the higher current in ZnO
HT SBD from I-V curve. A lower depletion layer width in ZnO HT based SBD
was found which imply its better performance and better charge transport. The
barrier heights of the devices were 0.95 eV and 0.89 eV. There is a deviation from
the values obtained from -V graphs. It has been seen that, in general C—V curves
give higher barrier height value than that derived from -V graphs. This is due to
different methods of measurement technique. In the metal-semiconductor
junction, barriers are not uniform and ideal. This distribution of BHs due to the
inhomogeneties may also have played a part in different values of BHs obtained

from the two techniques.

Table-6.4: SBD parameters from C—V

Device Built—in Donor Wb Barrier
potential Concentration (nm) Height (¢b)
(Vbi) (Volt) | (Nb) (m3) x 10% (eV)
Al/ZnO COP/ITO 0.90 1.58 284 0.95
Al/ZnO HT/ITO 0.85 2.21 243 0.89

Apart from that, notably the C—V method produces the flat band barrier
height whereas the I-V method yields the zero-bias barrier height, presented in

Table-6.4. The reports have also shown similar or greater mismatch in barrier
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heights obtained from [-V (Cheung’s method) and C—V method. Semple et al.
reported significant deviation in barrier heights obtained from Cheung’s method
(0.54 eV) and C-V method (0.89 eV) in an Au/ZnO/Al Schottky diode [42].
Varma et al. also reported a barrier height of 0.21 eV from Cheung’s method and
0.68 eV from C—V method in Au/ZnO Schottky diode which is an even greater
mismatch than ours [43]. They attributed this phenomenon to barrier

inhomogeneities and interface defect states present at the Schottky junction.

6.3.7. Charge transport analysis from -V

A very essential aspect of device performance that is to be taken into
account is analysis of the charge transport properties of the materials. The slope
in Figure 6.8 increases sharply after region I to about 4-5. This increase in region
II is due to the traps being filled by the electrons. When the voltage increases, the
traps begin to fill quickly with high number of electrons and hence the dramatic
increase in current takes place. This region is trap filling region. After a certain
voltage, when majority or all the traps have been filled, the movement of electron
slows down resulting in decline of the slope. The slope here (region III) becomes
around 2 that is current follows the relation I &< V2. This is indicative of space
charge limited current (SCLC) mechanism [38, 39]. SCLC theory has been an
effective tool to estimate the transport properties. So, this region is taken into

consideration for further analysis.

The effective carrier mobility of materials by employing Mott-Gurney

space-charge limited-current (SCLC) equation 4.11.

Following the equation, effective carrier mobility () was calculated as
0.0011 cm? Vs for ZnO COP and 0.0014 ¢cm? V-!s! for ZnO HT from the I vs
V2 graph (Figure 6.12). So, charge transport in ZnO HT was faster leading to

higher current.
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Figure 6.12: I-V? graph for the Al/ZnO HT/ITO and Al/ZnO COP/ITO SBDs under dark and
light

Then transit time (1;) of charge carriers is also derived from the equation

4.13 in Chapter 4. The transit time of charge carriers in ZnO HT was lower than

that in ZnO COP which is indicative of faster charge transfer from one electrode

to the other. This helped to produce higher current in the ZnO HT based SBD.

6.3.8. Charge transport analysis from impedance spectroscopy:

Apart from the I-V characteristics, impedance spectroscopy (IS) analysis
can give an idea about the charge transport properties of the devices. The IS was
performed at a bias voltage of 200 mV and the resulting Nyquist plots are shown
in Figure 6.13(a), which shows the graphs to be distorted semicircle. The Nyquist
plots reveal that the diameter of the semicircle of ZnO HT based device is
significantly smaller than the semicircle for its opposite number. The smaller
semicircle implies lesser charge recombination and lower charge transfer
resistance in ZnO HT. As a result, faster charge transfer was possible in the ZnO
HT thin film. While Nyquist plot gives an idea about charge transfer resistance,
the Bode phase plot can deliver us the lifetime of charge carriers. Figure 6.13(b)
presents the corresponding Bode phase plot, which shows that the characteristic
frequency peak for ZnO HT based SBD occurs at a lower value compared to its

counterpart. From this frequency peak (fycak), the lifetime (1) of charge carriers
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can be obtained by using: 1. = 1/2nfca [44]. The charge carrier lifetime of ZnO
HT and ZnO COP were 72.3 us and 53.8 s respectively.
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Figure 6.13: (a) Nyquist Plot and (b) Bode phase plot for the Al/ZnO COP/ITO and Al/ZnO
HT/ITO Schottky barrier diodes

So, the charge carrier lifetime in the ZnO HT were higher which is another
factor contributing to its better performance. Here, we want to further emphasize
that the charge carrier lifetime of the materials should be higher than their
respective transit times for efficient transfer of charge carriers to opposite
electrodes. However, while the carrier lifetime of ZnO COP was just a little bit
higher than its carrier transit time; for ZnO HT, the carrier lifetime was
significantly higher than its carrier transit time which subsequently ensured its
better device performance. It is important to know about diffusion length of
charge carriers for understanding their efficient transfer from one electrode to the
opposite electrode across the thin film. Diffusion length (Lp) of carriers was

estimated by employing [38, 39]:
Lp=\2Dz; (6.7)

where, D is the diffusion coefficient. The diffusion coefficient was calculated by

using the Einstein-Smoluchowski equation [34, 39]:

D
Herr = ‘,’(—T (6.8)
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All the derived charge transport parameters are given in Table-6.5. 1t is
clearly seen, the diffusion lengths of the charge carriers were greater than the
thickness of the film, which is essential for an efficient device performance.
Moreover, the average diffusion length of the ZnO HT was about 31% higher than
that of ZnO COP which led to better performance in the ZnO HT based device.

Table 6.5: Charge transport parameters

SBD configuration Cond" Mobility Transit Life Diffusion
(em?V-Ig™) time time Length
(1s) (1s) (um)
Al/ZnOCOP/ITO Dark 0.0011 51.92 53.81 55.28
Light 0.0018 36.01
Al/ZnO HT/ ITO Dark 0.0014 43.10 72.35 72.37
Light 0.0026 23.12

Finally, the overall better performance of ZnO HT can be attributed to its
enhanced light absorption capacity and faster charge transport properties. The
faster charge transport in ZnO HT is attributed to the rod like structure of the
synthesized material. In a particle system like that of ZnO COP, often carrier
scattering happens between the particles. But, the rod like structure in the ZnO
HT provided a direct path for excited electrons and suppressed this carrier
scattering. Also, the improved performance of rod like ZnO may be explained on
the basis of aspect ratio of ZnO rod morphology. It has been shown in previous
reports that the device performance of a photosensor improves with higher aspect
ratio of the particles or rods in the synthesized materials [45, 46]. In this case, the
ZnO COP sample is particle type and their morphology is nearly spherical while
the ZnO HT sample is rod like. So, the aspect ratio of rod like ZnO is higher than
that of particle like ZnO. That is why the rod like ZnO device delivered better
performance than particle like ZnO. The better photoresponse of the ZnO HT
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based SBD can be explained by looking into the energy band gap of the two
synthesized materials. Moreover, the donor concentration was also found to be
higher in ZnO HT leading to better photo-sensing performance of ZnO HT based
SBD.

6.4. Conclusion:

ZnO with particle like (ZnO COP) and rod like morphology (ZnO HT) was
synthesized by co-precipitation and hydrothermal method respectively; and thin
film Schottky barrier diodes were fabricated based on the materials. The device
performance was analyzed by [-V and C—V measurements. The photo-response
of the devices were also investigated. Notably, ZnO HT based SBD exhibited a
huge 121% higher responsivity compared to ZnO COP, implying its better
potential for optoelectronic applications. The charge transfer kinetics for the ZnO
HT based diode was much faster with significantly higher carrier mobility, carrier
lifetime and diffusion lengths compared to its counterpart. The better
performance of ZnO HT is attributed to its rod like structure which resulted in
suppressed carrier scattering and efficient charge transport compared to the
particle like ZnO COP. To conclude, the study shows that synthesis of the active
material can drastically alter the morphology, which in turn can play a pivotal role
to elevate photo-response and charge transport of the device. In our study,
hydrothermal synthesis and the resulting rod like ZnO proved to be better
candidate for device application compared to co-precipitation method.
Furthermore, the detail insight provided into the interface properties of Al/ZnO
Schottky diode can be fruitful for future studies on metal-semiconductor Schottky

junctions.
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Chapter 7/

Potential impact of annealed Cobalt-
Sulfide on current rectification of
[TO/CoS2/Al Schottky device:
Structural, Optical, Electrical and

Magnetic characterizations
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Abstract

In this report the annealing effect on structural, optical and semiconducting
properties of hydrothermally derived CoS, nanoparticles are explored. The
structural and optical properties are also studied. Possibility of semiconductor
behaviour is found from the analysis which helps to grow interest upon
semiconducting device formation. The metal-semiconductor (MS) junctions have
been fabricated using these CoS, along with aluminium (Al) as interfacing metal.
Here the study of charge transport behaviour within CoS,/Al interface is
confirmed from the analysis of current-voltage characteristics. The charge
transport phenomenon is examined by thermionic emission theory and related
parameters are estimated by employing space charge limited conduction (SCLC)
mechanism. The occurrence of free carriers give rise the ferromagnetic behaviour,
which has also been studied for these derived materials. It is an approach to study
the relation between magnetic spin and electronic behaviour of CoS;
nanoparticles. The observation of intrinsic ferromagnetism and the magnetic
behaviour with respect to temperature and magnetic field exhibits the suitability
for spin based electronic application. Finally, the potential behaviour of annealed
(at 250°C) CoS; has been established in context to fabrication of ITO/CoS,/Al

structured device.
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7.1. Introduction:

Metallic chalcogenide semiconductors have attracted much attention due

to their uniqueness in optical, catalytic and photovoltaic properties [1]. The
potential use of these chalcogenides in application of photovoltaic devices, gas
sensors, optical devices and biological imaging [2-8] are reported so far. Among
them Cobalt sulfide (CoS,) is peculiar because of its strong intrinsic absorption
coupled with surface morphology, hence provides a better catalytic for solar cell
applications [9-14]. CoS, with pyrite type structure is well studied for its
electrical and magnetic properties. In addition to its use as electro-catalytic for
clean hydrogen fuel [15], as well as an alternate anode material for lithium-ion
batteries [16]. Recent studies on CoS;, showing high electrical conductivity and
high capacitance are reported very aptly. However, due to its poor cyclability the
material has still a lot to be improved to be useful [17, 18]. Multiple attempts have
been made in synthesis procedures and thereby overcome deficiencies like poor
cyclability. The annealing treatment improves the material’s structural properties
by reducing dislocation and can also improve material’s ductility through
strengthening grain boundaries' resistance to inter granular cracks [19]. It also
plays an important role in microstructure, morphology and magnetic properties,
consequently it may affect the performance of semiconductor characteristics [20,
21]. This seems to affect optical, electrical and magnetic properties which leads
to growing interest in cultivating the entire work. There have been reports of the
effect of annealing in different physical properties. Yong Shi already showed
effective change in properties of chalcopyrite CulnSe; due to annealing [22]. In
a report Fadl et. al. has shown that the optical and electrical properties changed
significantly in copper selenides. [23]. On a similar report Hilal et al. have shown
that the photoelectrochemical (PEC) properties change significantly with

annealing at different temperatures [24]. However, no such studies have been
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done there in the context of metal semiconductor (MS) junction formed with CoS,

and aluminium.

In any electronic device a metal semiconductor junction plays a
predominant role. MS junctions show either non-rectifying (Ohmic) or rectifying
(Schottky) behaviour depending upon the work function of the metal and the
semiconductor. At the interface of the metal and semiconductor junction a barrier,
often called Schottky barrier is formed, which controls the width of the depletion
region and the current conduction mechanism. CoS; is a wide bandgap material
with energy E, ~ 3.1 eV. From environmental perspective CoS; is non-toxic and
ecofriendly. Also, it’s easier synthesis and large-scale applicability is appreciable.
The morphological changes in size and shape have significant effect on the
absorption capacity of a material, which is why an immense effort has been
devoted to the growth/synthesis process of CoS, nanomaterials and control its

morphology.

In this work, pure CoS; has been synthesized by hydrothermal process and
annealed at different temperatures. The characteristic change in structural,
magnetic and optical properties before and after annealing have been studied.
Apart from these basic characteristics, a Metal-Semiconductor (MS) junction-
based device has been fabricated using these CoS,s. The successful formation of
Schottky barrier in the MS junction has been confirmed by its nonlinear current-
voltage characteristics and extraction of the various impacting parameters on the
basis of thermionic emission theory, has been explored well. All these parameters
like barrier height, ideality factor, diffusion coefficient etc. are enlisted to get a
reasonable view. Apart from [-V analysis impedance spectroscopy (IS) has also
been used to describe the electrical behaviour of interfaces as well as the
conduction mechanism within the junction. Moreover, to get any significant
change in its magnetic behaviour or specifically on spin, which can assure its

potential spintronic behaviour within the device, upon implementation of
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magnetic field or with temperature the zero-field cooled (ZFC) and field cooled
(FC) data are analysed aptly.

7.2. Experimental:

7.2.1. Materials and Methods:

All the chemicals used in the synthesis process are purchased commercially
from Merck and no further purification has been done before synthesis. CoS»
microstructures are prepared by conventional one-step hydrothermal process. A
40 ml solution of deionized water and ethylene glycol is prepared with a 3:1
volume ratio. After ultra-sonication stoichiometric amount of hydrated cobalt
chloride CoCl,.6H,0 are mixed with 80 mg of L-Cysteine. The mixture is stirred
with magnetic stirrer at room temperature for an hour, then transferred to a Teflon
autoclave, tightly sealed and heated in an oven for 6 hours at temperature 180°C.
After cooling down naturally, the sample is collected and washed alternately with
ethanol and water three times each by centrifuged technique and dried at room-
temperature for overnight. The powder sample is divided into three equal parts.
The first part is marked as CSRT (e.g., Cobalt Sulfide at Room-Temperature).
The other two parts are annealed at 200°C and 250°C respectively and are
assigned as CS200 and CS250 respectively.

7.2.2. Result and discussions:

7.2.2.1. Structural Characterizations:

Figure 7.1 represents the images of CoS, particles as collected from
FESEM data. The figures illustrate that the particles are nano in dimension with
coagulations. No significant change has been observed for the sample after heat

treatment at all.
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Figure 7.1: Surface morphology of CoS;, before and after annealing at two different

temperatures(a) RT (b) 200 °C (¢) 250 °C

The powder X-ray diffraction (PXRD) spectra of the individual sample is
represented in Figure 2. PXRD patterns of as prepared sample at room
temperature (CSRT) and annealed samples (CS200 and CS250) are recorded
within Bragg’s diffraction angle at 20°to 70°. The figure (Figure 7.2) illustrates
distinct peaks at Bragg’s angles (20) of 32.19°, 36.18°, 39.58°, 46.41°, 54.93°,
60.07° with support of JCPDS data card No. 41-1471 for corresponding Bragg’s
plane (200), (210), (211), (220), (311) and (230) respectively. The variation of
intensity and stretching of these peaks may be due to the changes in
microstructural parameters like particle size, interplanar distance, lattice
parameter, dislocation density etc. However, all the samples exhibit cubic lattice
structure individually (JCPDS Card No. 41-1471). The peaks intensity goes
higher after annealing and most of peaks becomes sharpest after annealed at
250°C which implies better crystallinity. As crystallinity mostly affects the
electron transport, it is assumed that the annealed sample at 250°C could have

better impact within MS junction. [25].
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Figure 7.2: PXRD spectra of CoS», before and after annealing at two different temperatures

The inter planar distances (d) are measured (enlisted in Table-1) employing

Bragg’s equation 2.1.

Lattice constants (a) are derived for each (hkl) plane by using the equation:

1 h?+k*+1>
5= (a_z) (7.1)

for cubic system and are tabulated accordingly (7able-7.1).

The crystallite size (D), and dislocation density (6) for corresponding (hkl)
plane are estimated (listed on Table 7.1) using equations 5.1 and 5.2 [26, 27, 28].

And the microstructural strain (€) is

=_£ (7.2)

€ =
4tan@
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The average size of crystallites is estimated as 12.35 nm, 14.35 nm and
13.82 nm respectively. In general, for larger crystallite sizes the sheet resistance
becomes low, due to possible quantum confinement and edge effects in the
individual crystallites. On the other hand, reducing the dislocation density, the
dislocations are more randomly arranged, resulting in a decrease in the electrical
conductivity [25]. So, analysing the average crystallite size and dislocation
density for CSRT, CS200 and CS250, and considering the above fact it can be
concluded that in respect to CSRT and CS200, CS250 sample may shows

moderate impact in electronic device application.

Generally, a decrease in magnitude in lattice constant value means the
electrons are more tightly bound to the atom, and hence require more energy to
remove, leading to an increased electronic band gap. From Table-7.1 average
lattice constants for all the samples have nearly same values of lattice constant.
Lattice strain increases with increasing crystallite-size while a highly strained
nanomaterial has more randomly oriented grains, and thus, the evolution of

texture changes.

The crystallographic orientation and overall quality of the boundaries
between grains are also strongly influence energy gap sizes. The deterioration of
boundary quality thus not only lowers boundary conductivity but also creates
edge effects which could have a negative influence on within-grain conductivity

at room temperature [25].

The information of a particular plane concerned by the preferential
crystallite orientation determined from the texture coefficient. The texture

coefficient for each (4k/) plane can be extracted using the following equation:

TC(hkl) = ; I(hkl)/1o(hkl)

00% (7.3)
X5 1(hkD)/I(hKD)
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Here I(hkl) and Ip(hkl) denote measured value of intensity and standard intensity

taken from JCPDS card data respectively. ‘n’ is the total no of peaks [29].

The preferred orientation for the material mainly towards (230) plane

before and after annealing (Table-7.2).
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Figure 7.3: EDX spectra of CoS: after annealing at different temperatures

Figure 7.3 shows the energy dispersion X-ray (EDX) spectra of the
samples. The experimental values of atomic percentage (at%) and weight
percentage (wt%) are illustrated in Zable 7.3. It can be concluded from this
analysis that the prepared samples all are pure with identical chemical

composition.

7.2.2.2. Optical characterization:

To reveal the optical response of the synthesized materials, UV absorption

spectra [Figure 7.4(a)] are recorded within the wavelength range of 250 nm to
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800 nm. Figure 7.4(b) shows corresponding Tauc’s plots for each sample by
employing Tauc’s equation (equation 5.3) [30, 31].

The estimated bandgaps for the samples CSRT, CS200 and CS250 are 3.12
eV (Inset of Figure 7.4(b)), 3.54 eV and 3.29 eV respectively. It can be noted that
the samples are wide bandgap material in nature, which is especially crucial for
devices to operate at significantly higher temperatures, higher frequency and at

higher voltage regimes [32].
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Figure 7.4: (a) UV-Visible spectra and corresponding (b) Tauc’s plots of the samples. The
inset in figure (b) shows the Tauc’s plot of the sample CSRT.

7.2.2.3. Magnetic characterization:

Magnetic properties of CoS; nanoparticles are extracted from the zero-field
cooled and field cooled (ZFC/FC) data. Figure 7.5 shows the temperature
dependent behaviour of ZFC, and FC protocols measured in magnetic field
strength of 200 Oe for all these three samples. At lower temperatures, the
magnetization value obtained for FC is much higher than the ZFC curve. This
low temperature character indicates a ferromagnetic like behaviour which can be
attributed to surface spins frozen in the magnetic field direction. As the
temperature increases FC starts decreasing and near the peak, it merges with the
ZFC. This is an indication of the superparamagnetic behaviour of CoS;

nanoparticles at high temperatures [33]. As one can see the ZFC and FC merge at
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higher temperature and becomes almost zero. It is because thermal fluctuations

become dominant over the magnetic moments at high temperatures.
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Figure 7.5: (a)-(c) magnetization ZFC & FC as a function of temperature of the three
samples. (d)-(f) MH loop at different temperatures for the three samples. Insets in each MH
graph show the zoomed in portion near zero field. The color-coding w.r.t temperatures are the

same for each of the MH curves.

The insets in figures illustrate the difference between ZFC and FC curves
with respect to temperature. It can be clearly seen that the difference between
ZFC and FC is getting more prominent at low temperature regime (2 K< T< 90
K). The high temperature region shows the difference M¢-Mjy. almost equal to

zero, which indicates the single-phase nature of the sample. Hence the weak
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ferromagnetic ordering seems to be intrinsic and no secondary phase is involved

for this ferromagnetism.

Figure 7.6 (a-c) exhibit the inverse magnetic susceptibility with respect to

temperature, derived from Mg at a magnetic field of 2000e.
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Figure 7.6: inverse magnetic susceptibility with respect to temperature for (a) CSRT; (b)
CS200 and (c) CS250

The inverse magnetic susceptibility y!' = (T-0)/C is plotted against
temperature within range 0K to 300K. Where C is Curie constant and 6 is Curie
Wiess temperature. The straight line represents the Curie Wiess Fit of the data in
the linear region, which is around 100K-200K. The slope of 1/¢ vs T curve gives
the value of 1/C and the intercept on x-axis gives the value 0. The positive
intercept indicates ferromagnetic ordering. For all the samples the 0 is around 69
K to 89 K and effective magnetic moments were calculated from C, are found to
be 1.3 -1.5 up. The theoretical value of the effective magnetic moment
corresponding to Co** ion per formula unit comes around 3.85 pip. It is interesting
to note that the ZFC curves goes to negative value below 10 K. This negative
magnetization can be attributed to the trapped field of the superconducting
magnets [34]. To further clarify the magnetic behavior, magnetic hysteresis loops
were recorded at various temperatures. Figure 7.5(d) depicts the hysteresis loop
at 2K, 30K, 120K and 300K for CS250 sample. At room temperature there is

hardly any visible hysteresis, it looks like strait line indicating the paramagnetic
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nature. As the temperature goes lower the hysteresis gets bigger and wider which
clearly verifies the ferromagnetic nature of CoS; nanoparticles. The inset shows
enlarged picture in the field region of + 0.2T. The materials get fully saturated at
a very high field of around 4T. For the MH loop recorded at the lowest
temperature 4K MH, the saturation magnetization Ms and coercive field Hc is
found to be 19.1 emu/g and 257.5 Oe respectively for the sample CS250. Table 4
shows the different values of Hc and Ms of all the samples at low temperature ~
4K. The results are comparable to the values shown in earlier reports [33]. From
the estimated magnetic result, it is clear that after high temperature annealing the
coercivity decreases indicating increase of material’s softness. Although there is
some increment in coercivity in CS250 material, it doesn’t show much difference
from CS200, whereas saturation magnetization does not show much variations.
Table 7.4 shows values of Hc, Ms and remanent magnetization (Mg) of different
samples. The high coercivity combined with low value of Ms and My indicates a
weak but irreversible nature of ferromagnetism. The exchange interaction
between free delocalized electrons and holes are responsible for the magnetic
ordering. Hence the presence of free carriers is essential condition for appearance

of ferromagnetism [35].

From the above analysis, these synthesized CSs having such
semiconductor nature and magnetic ordering could have the potential to be
applicable in electronic devices. This motivates to study the carrier transport
phenomena under applied electric field through metal-semiconductor interface
for large scale device application. In this regards a device has been fabricated of

configuration ITO/CoS,/Al.

7.2.2.4. Electrical Analysis:

Intending for electrical characterization, bias voltage from -1 V to +1 V is
applied to ITO/CoS,/Al based devices (schematic diagram) under dark

conditions. The nonlinear characteristic -V [Figure 7.7(a)] illustrates that the

178



devices show good rectifying behaviour. These non-linear behaviours of 1-V
curve for each device indicates Schottky barrier formation at aluminium-CoS,
interface. For the annealed sample CS200 and CS250, the current of respective
device is found to become higher at same potential value. The rectification ratios
(On/Off ratio at £1V) for the diodes are enlisted in Table 7.5. According to these
results, much better rectification is observed for CS250 sample based device. The
better crystallinity of CS250 might be the cause for better junction formation with
aluminium resulting better electron transport in the particular device and hence
increases rectification ratio [36]. The conductivities of respective diodes at room
temperature are measured as 2.144x10% S m!, 6.709x10* S m! and 1.278%10°3
S m!. More grain growth in CS250 after annealing would be the possible reason

for enhancement of conductivity [31, 32].
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Figure 7.7: 1-V Characteristics curve for the fabricated structures in (a) linear and (b) log

scale.

To intervene into the mechanism of carrier transport within the device Inl
vs InV graph (Figure 7.8) are plotted. Figure 7.8 illustrates two distinct regions
with different slopes, pointing out different current transport mechanisms. At low
bias (Region- I), the current follows ohm’s law i.e., current is directly

proportional to applied voltage, after that it is ruled by space charge limited
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current theory corresponding to exponential trap distribution up to some extend

(Region-II) and follows I a V2 dynamics.
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Figure 7.8: Inl-InV graph for the fabricated structures to determine type of current transport

mechanism.

Thus, for further investigation, thermionic emission theory for Schottky
diode has been employed on I-V data. Current-voltage behaviour of Schottky
junction can be illustrated follow by equation 1.13 [37]

The effective value of Richardson constant is considered as 1.206 x10° AK-
’m2 [35]. At low voltage region, linear variation of current is noticed. When bias
voltage is higher, it deviates from its linear behaviour. The deviation from
linearity is mainly due to the occurrence of series resistance of diode. The ideality
factor (1) and series resistance (Rs) for Schottky device are derived using

Cheungs’ equation (equation 4.7 and 4.8) [38],

The i1deality factor and series resistance are calculated using the intercept and

slope from linearly fitted dV/d(Inl) versus I curve.
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Figure 7.9: dV/dInl vs I and H(I) vs I curves for the corresponding devices.
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From equation 4.8, the barrier height of Schottky diode can be estimated.
Figure 7.9 shows dV/dInl vs I graph and H(I) vs I plot for these three devices,
which are linear in nature. From the intercepts at the y-axis of these H(I) vs |
plots, the barrier heights are estimated. The measured values of ideality factors
and barrier heights are enlisted in tabular form in 7Zable 7.5. All these
characteristics show deviation from ideal behaviour of the device as expected.
This deviation from ideal behaviour is may be due to a tunnelling current, induced
by structural defects or the existence of inhomogeneities in the Schottky barrier
[39]. The series resistance values estimated (7able-7.5) from two different aspects
are nearly equal. Table 7.5 illustrates that the value of series resistance is reduced
significantly for the sample after annealing depending upon the increase of
passivation of grain boundary [40]. This also explains the reason behind higher

current rectification, exhibited by CS250 based device.

The results also depict that the barrier height decreases as annealing
temperature increases, implying reduction of turn on voltage. This reduction is a
result of reduction of fermi energy difference between aluminium and synthesized
CSs. As early report, if annealing temperature increases then carrier concentration
also increases in the semiconducting material [41] and fermi energy depends upon
carrier concentration such that if carrier concentration increases fermi energy also

increases.

The annealing of sample has also a distinguishable effect on carrier
mobility [42, 43]. The carrier mobility and transit time of carriers are evaluated

analysing I-V curve by standard SCLC theory.
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Figure 7.10: Current versus square of voltage graph for different fabricated devices
The effective mobility is derived from I vs V2 plot (Figure 7.10) employing
Mott-Gurney equation (equation 4.11) [44].

The relative dielectric constants are derived as 0.73, 1.55 and 1.77 for

samples CSRT, CS200 and CS250 respectively by equation 4.12 [45]:
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Figure 7.11: Capacitance versus log of frequency graph for each device

To estimate Capacitance ‘C’, here the saturated value of capacitance is

considered from the Capacitance versus logarithm of frequency graphs (Figure
7.11).

Equation 4.13, 6.7 and 6.8 are used to determine transit time (t) and

diffusion length (Lp) of the charge carriers [46].
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To calculate the value of diffusion length, carrier lifetime is needed and can
be obtained from the described bode plot. When compared to the peak for CoS,-
based MS junction in the Bode-phase plot (Figure 7.12), the characteristic
frequency peak for CS250-based diode is displaced to a lower frequency, which
suggests a more rapid electron transport in device. Since the characteristic
frequency is inversely correlated with the free electron lifetime (tr) one can
calculate the value using the equation.

=1 (7.4)

anpeak

1y

Phase (Degree)

logf

Figure 7.12: Bode plot representation of respective devices

Thus, the electrons in CS250 have a longer free carrier lifetime and a higher

diffusion length that enables carriers to enter more likely in electrical conduction.

Evaluated values of effective mobility, carrier transit time, lifetime and
diffusion length are represented in tabular form (7able 7.6), which exhibits the

carrier mobility of CS250 is quite high compared to other two.

Moreover, to clarify the dynamics of electron transfer through MS junction,
subject to carrier recombination and interface resistance, impedance spectroscopy
(IS) measurement is performed at a voltage of 100 mV. The recorded data is
analysed with EIS analyser software. Figure 7.13 shows the corresponding

Nyquist plot of the IS spectrum for different devices. The diameter of the
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semicircular arc (Figure 7.13) represents effective resistance of the MS junction.
There is a noteworthy decrease in the diameter for CS250-based diode which
implies reduction in charge recombination and decrement in interface resistance.
All the parameters extracted from the EIS analyser are tabulated at Table 7.7. 1t
clearly shows that the effective series resistances in the circuits, are somehow
similar as obtained from the results derived from Cheung's method. These above
overall results illustrate the potential behaviour of derived CoS; in fabrication of

Schottky diode and its annealed state is highly appreciable for device application.
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Figure 7.13: Experimental Nyquist plot and fitted plot using EIS analyser for each SBD

Nevertheless, for realistic theoretical view the equivalent circuit of Nyquist
plot for a typical Schottky barrier are illustrated through schematic diagram in
Figure 7.14(a). In the equivalent circuit, the series resistance is represented by
Rs, the inductance by L, the contact's depletion layer capacitance is shown by the
capacitance component (Cp), and a shunt resistance is linked to the parallel
resistance component (Rp). The semicircles representing Nyquist plot in Figure
12 of devices are not quite perfect, which indicates possibility of occurrence of
more than one RC parallel network within the diode. The contact areas of layer
or the interfaces may be the cause behind this imperfect semicircle, and they

produce extra capacitive component within the device.

Here fitted semicircles are assisted by the modified equivalent circuit
(Figure 7.14 (b)) bearing two RC parallel networks in series, and they are also

connected linearly with Rg and a parasitic inductance (L) in series. R;C and
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R,(CPE) are mostly related to the Al-CoS, and CoS,-ITO interfaces sequentially.
CPE denotes constant phase element that can have any capacitance value within

a limiting value.

A ) —
(a) (b)

Fig. 7.14: (a)Typical equivalent circuit model (b) Extended/modified equivalent circuit model
for the SBDs

In general, the ac impedance of a diode is given by [47],
Z(w) =72 (w) - jZ" (w) (7.5)

Where w is the angular frequency, Z' and Z" are magnitudes of the real and
imaginary parts of the impedance respectively. For theoretical analysis of the

equivalent circuit as shown in schematic diagram [Figure 7.14(b)],

R4 R,

Z'(w) = T @RCZ T Tr(aR,(CPEE T R (7.6)
And

2 2
7" (@) = wR3C wR2(CPE) 1.7

1+(wR,C)? 1+(wR2(CPE))2 -

must be considered for comprehensive mathematical modelling [48].

7.3. Conclusions:

In conclusion, CoS, nanoparticles are successfully synthesized using
hydrothermal process and the crystal phases are not changed after annealing is
found. The structural, optical and magnetic properties are studied for derived

materials. Magnetic characterizations explore a ferromagnetic ordering at low
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temperature and paramagnetic at high temperature for all the samples. All these
characterizations approve the potential applicability of the derived materials
within metal-semiconductor based Schottky barrier diode. The approach of
formation of Schottky diode for each sample is confirmed by measuring non-
linear behaviour of current — voltage (I-V) characteristics after fabrication
sandwich like ITO/CoS,/Al device. The I-V of all the devices, made by replacing
intermediate main active layer with annealed samples, are recorded aptly. To get
further inside the device the I-V characteristics are investigated thoroughly
following diode equation. The material collected after annealing the sample at
250 °C improved device performance. The underneath mechanism of electrical
performance is also explored by impedance spectroscopy. These overall analyses
illustrate the potential behaviour of derived CoS; in fabrication of Schottky diode
and its annealed state (at 250°C) is highly appreciable for efficient device
application. Combined with magnetic and transport properties CoS, can be
considered as a material of interest for the application of magnetic spin based

electronic devices in near future.
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All Tables

Table 7.1: Parameter from XRD analysis of common peaks
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- 200 | 31.79 | 0.7651 | 11.27 | 12.35 | 0.00787 0.0116 |0.01172| 0.01018 | 2.811 | 5.622 | 5.535
210 | 36.08 | 1.1686 7.46 0.01797 0.01565 2.486 | 5.559
211 | 39.66 | 1.1353 7.77 0.01656 0.01374 2.269 | 5.558
220 | 47.89 | 0.3278 | 27.70 0.00130 0.00322 1.898 | 5.368
311 | 54.82 | 1.3265 7.04 0.02018 0.01116 1.673 | 5.549
230 | 60.01 | 0.7424 | 12.90 0.00601 0.00561 1.540 | 5.552
200 | 200 | 32.23 | 0.6790 | 12.71 | 14.35 | 0.00619 0.0054 |0.01025| 0.00721 | 2.774 | 5548 | 5.433
210 | 36.30 | 0.4477 | 19.49 0.00263 0.00596 2472 | 5528
211 | 39.54 | 0.7009 | 12.58 0.00632 0.00851 1.983 | 4.857
220 | 45.76 | 0.7599 | 11.85 0.00712 0.00785 1.981 | 5.603
311 | 54.95 | 0.7673 | 12.18 0.00674 0.00644 1669 | 5.535
230 | 60.30 | 0.5639 | 17.01 0.00346 0.00424 1.533 | 5.527
250 | 200 | 32.19 | 0.6798 | 12.70 | 13.82 | 0.00620 0.0087 |0.01028[ 0.00878 | 2.778 | 5.556 | 5.545
210 | 36.18 | 0.7651 | 11.40 0.00769 0.01022 2.480 | 5.545
211 | 39.58 | 1.2948 6.81 0.02156 0.01570 2.274 | 5.570
220 | 46.52 | 0.3205 | 28.20 0.00126 0.00325 1.951 | 5.518
311 | 54.93 | 0.9743 9.59 0.01087 0.00818 1.669 | 5.535
230 | 60.07 | 0.6729 | 14.24 0.00493 0.00508 1538 | 5.545

Table 7.2: Texture Coefficient (TC) of different peaks

(hKI) plane TC for CSRT (%) | TC for CS200 (%) | TC for CS250 (%)
111 — 11.25 11.59

200 2.82 4.48 7.34

210 6.17 6.70 8.94

211 10.80 10.80 9.18

220 8.09 8.06 11.09

311 8.54 7.21 9.62

230 33.11 32.08 42.23

321 33.42 194 —
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Table 7.3: Experimental data from EDX

Sample Name Element Atomic Normalized Error (3
percentage weight Sigma) in wt%
(at%o) percentage
(Wt%)
CSRT Sulfur 58.65 43.56 3.70
Cobalt 41.35 56.44 3.87
CS200 Sulfur 61.98 47 3.65
Cobalt 38.02 53 3.99
CS250 Sulfur 64.53 49.75 3.87
Cobalt 35.47 50.25 411
Table 7.4: Magnetic parameters for different samples
Sample | Hc (Oe) MR (emu/g) Ms (emu/g) C 0(K) | Hepr(un)
CSRT 390 1.25 18 0.2306 89 1.36
CS200 202 0.27 15 0.191 69 1.24
CS250 257 0.44 19 0.277 75 1.49
Table 7.5: Estimated Schottky diode parameters
Sample | Rectification | Conductivity I.F Rs(dV/dInl) Rs(H) | ®u(eV)
ratio (Sm%) Q) Q)
CSRT 21.57 2.144x10* 1.89 453.75 449.75 0.618
CS200 4551 6.709%x10* 1.62 154.73 156.01 0.596
CS250 70.61 1.278x10°3 1.34 81.66 83.66 0.557
Table 7.6: Charge transport parameters as estimated
Sample | Mobility | Transit Carrier Density of Diffusion Lifetime | Diffusion
(m?v1S1) | time |Concentration| State |coefficientx10®| (ns) length
x10* (ns) (m?) (ev'im?) (m?/s) (um)
CSRT 0.865 9.55 5.679 x10'° |1.667 x 10% 2.261 — —
CS200 1.460 6.40 1.169 x 102 |3.061 x 10% 3.817 — —
CS250 2.760 2.92 1.357 x 10 |4.385 x 10% 7.216 123.83 1.337
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Table 7.7: Parameters value from EIS analyser

Parameters Determined from EIS Analyzer for

CSRT-based device | CS200-based device | CS250-based device

Value Errors Value Errors Value Errors

(%) (%) (%)

Series Resistance (Q) 10.69 297.28 1.0052 22.997 45773 0.9211

Resistance arose 8980 0.77751)  85.093 0.29091| 8.6103 |0.57045
from Al-CoS;
interface (Q)

Capacitance arose | 9.258x10! | 3.2154 | 7.9981x1071% | 1.4779 | 4.7902x10® | 2.4409
from Al-CoS;
interface (F)

Resistance arose 18925  |0.44731) 27257 0.09697 | 93.166 |0.059586
from CoS2-ITO
interface (Q)

Capacitance arose | 8.7413x107° | 1.6741 | 7.2654x10® | 0.59914 | 1.0136x10° | 0.252
from CoS,-ITO
interface (F)

Constant Phase 0.67688 |0.18806| 0.64175 |0.058212| 0.6423 |0.027084

Value
Series Inductance (H)|  1x10° 527.02 | 1.8951x107 | 18.481 | 2.9186x107 | 2.1694
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Chapter 8

Low temperature solvothermal
synthesis of Molybdenum di-selenide
from MoO;, their comparative study

in different properties and device

application
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Abstract

In this section the effect of synthesis temperature in solvothermal synthesis
of MoSe; is elaborately discussed. Also, synthesis procedure of the nanomaterial
from MoOs; in a very low temperature about 120°C is also successfully
established. Dependence of various properties of synthesized nanoparticle on
solvothermal temperature are analysed in details. Possibility of semiconducting
behaviour leads to semiconducting device fabrication. The metal-semiconductor
(MS) junctions, fabricated using these MoSe, obtained using different
temperature along with aluminium (Al) as interfacing metal are studied and
formation of Schottky junctions are clearly indicated. Extraction of different
Schottky parameters using two different method of extraction is compared. The
study of charge transport behaviour within MoSe,/Al interface is done from the

analysis of current-voltage characteristics as well as impedance spectroscopy.

197






Graphical Abstract

A\ummmm
A 180°C mE150 I
CZH50H \ \
Alumlnlum I:z: (@)
>N o A 150°C a vesco pui—
.g! NyH,y, HO ey — =>f:
% I{IEI C,H;0H ITo o
UD.M
0.0
A 120°C Imuminium / 0 45 00 05 10
|ME120 _ Valtage (V)
_ (——
C.H:OH a o

198






8.1. Introduction:

Transition metal dichalcogenides (TMDs) have recently gained great

attention due to their narrow band gap, which enables a wide range of applications
in fields such as electronics, optoelectronics, and energy conversion [1, 2, 3].
Studies indicate that the less-studied selenides may be preferable to sulfides in
several ways, including a lower band gap (1.5 eV in MoSe; vs. 1.9 eV in MoS»),
a 10-fold narrower line width, and tuneable excitonic charging effects [4].
Molybdenum di-selenide (MoSe,) has a "three-layer" structure consisting of Se
layers on the top and bottom with Mo layers in between [5]. In multilayer
arrangements, layers are piled with Se atoms interacting via weak van der Waals
forces. The band structure of MoSe, changes from indirect (as in a bulk crystal)
to direct (as in a monolayer) when the thickness decreases, while the band gap
increases from 1.1 to 1.5 eV [6]. MoSe, is a suitable material for different

electrical and optical applications due to its tuneable features.

Hydrothermal/solvothermal synthesis of nanomaterial and properties of
resulting nanomaterial depends upon the conditions for the synthesis i.e., type of

solvent, maintained temperature, duration of synthesis etc.

In 2001, Chen and Fan [7] used sodium selenite and sodium molybdate as
the raw ingredients in an aqueous solution at 150 °C to
successfully synthesize MoSe, nanocrystalline. There is number of papers for
hydrothermal/solvothermal synthesis of MoSe; reported previously using sodium
molybdate [8, 9, 10, 11]. But molybdenum trioxide (MoQO3) as a precursor for
hydrothermal/solvothermal synthesis of MoSe: is rarely reported [12]. Influenced
by the things, the low temperature solvothermal synthesis using MoO; and
selentum powder is reported in this work. A thorough comparison between
different properties of material with varying synthesis temperature is discussed.

Further study of MS device application of them is also analysed.
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8.2. Experimental:

8.2.1. Materials and methods:

All the chemicals used in the synthesis process have been purchased
commercially from Loba Chemicals and no further purification was done before

synthesis.

MoSe, nanostructures have been prepared by conventional one-step
hydrothermal process. Prior to all 1mmol of molybdenum tri oxide (MoQO3) is
added to a beaker already having 40 ml ethanol and stirred until a homogeneous
white solution (Solution I) is obtained. In another beaker 2 mmol selenium (Se)
powder is taken and about 10 ml hydrazine hydrate (NH4.H,O) with 80% purity
is dropped slowly onto the powder. Also, a magnetic stirrer is used in this time to
maintain a continuous stirring and hence perform a well mixing of Se in NH4.H,O
solution. Now, after quite well mixing, 10 ml ethanol is added to this mixture
without putting an end to stirring. After getting a dark brown solution (Solution
IT), Solution II is poured slowly to the beaker containing Solution I and the
mixture of these two solutions is stirred for 4 hr. Then final solution is transferred
to a Teflon autoclave, then tightly sealed and heated in an oven for 16 hours at
temperature 120°C. After cooling down naturally, the sample is collected and
washed alternately with ethanol and water three times each by centrifuged
technique and dried at room-temperature under vacuum desiccator for overnight.
The collected powder is named ME120. The above procedure is repeated another
two times only changing the temperature to 150°C and 180°C respectively and

the final products are labelled as ME150 and ME180 respectively.
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8.3. Result and discussions:

8.3.1. Structural Analysis:

The structures of MoSe; nanoparticles prepared in different hydrothermal
temperature are characterized by field effect scanning electron microscopy
(FESEM). FESEM images of different MoSe, nanoparticles in Figure 8.1

suggests a roughly uniform nanostructure.

Figure 8.1: FESEM image for (a) ME180, (b) ME150 and (c) ME120

However, inside apparent spherical structure there is a possibility of
internal hole (as seen in Figure 8.1c) in the synthesized materials. When the
hydrothermal temperature 1s maintained as 180°C grain sizes reduce significantly,
and also, agglomeration is clearly found which affects the conductivity of the
material. As shown in SEM images grain sizes in ME180 are less than 100 nm
where for ME150 it can be ranged from 150 nm to 400 nm approximately. When
synthesis temperature goes to a lower value of 120°C the maximum grain size

increases further.

Average grain sizes for the prepared materials are extracted using Image J
software. Corresponding histograms are depicted in Figure 8.2. Average grain

sizes for ME180, ME150 and ME120 are 92 nm, 246.5 nm and 353.5 nm

respectively.
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Figure 8.2: Histogram for (a) ME180, (b) ME150 and (¢) ME120

From the analysis it can be concluded that upon reducing reaction
temperature grain size for MoSe, increases significantly. Generally, ductility
increases with grain size which means decreasing temperature make the material
more suitable for device applications [13]. However, the increased grain
boundary (GB) and high dislocation density may cause a drop of electrical
conductivity [14].

The crystalline phase of a sample can be identified using PXRD. So, to
analyze the phase and get an idea about the structure of all synthesized

compounds, the PXRD pattern of the compound has been recorded and illustrated

in Figure 8.3.
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Figure 8.3: PXRD pattern of ME180, ME150, ME120
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Observing and comparing the plot to JCPDS files the patterns show more
similarity with JCPDS 15-0029, and the analysis proves the presence of
hexagonal MoSe,. As found in the above diffraction pattern, there are two well
distinguishable peaks in each pattern of respective material. The highest intensity
peaks relative to (002) plane at about 20 = 13.44° is quite broad in nature relieving
the possibility of smaller particle size in nanometer order. The growing sharpness
of the peak of (002) plane for ME120 and ME150 reveals larger particle size of
these material than ME180 which also supported by SEM. Also, it indicates
towards increment in crystalline nature in material. Another peak in each pattern
at about 20 = 31.65° corresponds to Bragg’s plane (100). As the peaks are shifted
right from its actual position for ME150 the interplanar distance for ME150
reduces which signifies lattice contraction in ME150 material. As reported by
Yong-Rong Sun and Xue Zhang, the lattice contraction can effectively increase

the electrical conductivity [15].

The interplanar distance (d) can be obtained using the well-known Bragg’s

equation (eq" 2.1) and listed in Table-8.1.

Parameters like crystallite size (D), and dislocation density (8) for each
material can be determined using equation 5.1, and 5.2. As seen from Table-8.1
average crystallite sizes are small enough which may be attributed as result of

lattice defects and strain.

The micro-strains (€) for the synthesized materials are therefore evaluated
from equation 7.2 (Table-8.1). Also, the induced lattice defects are calculated

with following equation-
N;,=— 8.1)

The calculated values of Ny (Table-8.1) suggest a relatively high defects

present in ME150 which can affect the conductivity of the material.
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Table 8.1: Parameter from XRD analysis for highest intensity peak (002) and
(100) peak

Sample | Plane 20 B D | Average o |Average € Averagee|d (A)| Na |Average
Name | (hkl) | (Degree) | (radian) | (nm) | D ("M) | (-2 |  (Nm™) (Inm?) | Nd
(/nm?)

ME180 | 002 | 13.44 | 0.0890 |1.64 | 1.330 |0.372| 0.666 |0.1889| 0.156 |6.58 | 0.149 | 0.207

100 | 31.65 | 0.1398 | 1.02 0.961 0.1233 2.82| 0.266
ME150 | 002 | 14.75 | 0.0867 |1.68 | 1.275 |0.354| 0.837 |0.1675| 0.155 |6.00| 0.126 | 0.276
100 | 31.88 | 0.1630 | 0.87 1.321 0.1427 2.80| 0.425
ME120 | 002 | 13.71 | 0.0866 | 1.68 | 1.285 |0.354| 0.808 |0.1801| 0.161 |6.45| 0.136 | 0.271
100 | 31.26 | 0.1590 | 0.89 1.262 0.1421 2.86 | 0.406

Crystallinity refers to the degree of structural order in a solid. The variation
from perfect crystallinity causes the diffraction peaks to broaden. It can be

measured with crystallinity index (7able -8.2).

Crystallinity index (CI) [16]

CI = (8.2)

I.+1,

Because there is less lattice deformation in ME150 i.e., higher crystallinity,

there is a larger charge carrier mobility, which leads to an increase in conductivity.

Lattice parameter is proportional to the distance between atoms
(interatomic distance) in the crystal. That indicates for lower lattice parameters
(as in ME150 in Table-8.2) there is higher number of atoms in the surface of the
material. As aresult, carrier concentration may increase affecting the conductivity

of the material.

Lattice parameters for these hexagonal systems can be estimated using

equation 6.2.
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Table-8.2: Crystallinity index and lattice parameters

Name of Sample Crystallinity index Lattice parameters
(%) a=b(A) c(A)
ME180 85.21 3.256 12.90
ME150 87.24 3.233 12.00
ME120 88.05 3.302 13.16

7.3.2. Optical Analysis:

The absorption spectra for as synthesized materials are recorded within a
range of 400-1100 nm wavelength i.e., in visible and near infrared range. Analysis
of the recorded spectra as shown in Figure 8.4 suggests that ME180 shows
absorbance peak in Visible range and for ME150 absorption peak lies in near
infrared region. The peaks of the mentioned absorbances found near 649.93 nm
and 987.16 nm referring a band gap near 1.91 eV and 1.26 eV for ME180 and
MEI150 respectively. Possibility of getting peak at far infrared region for ME120
indicates relatively lower optical band gap. The above optical band gaps are

calculated using equation 4.1.
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Figure 8.4: UV-Visible spectrophotometer response of ME180, ME150, ME120
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8.3.3. Electrochemical Analysis:

Further cyclic voltammetry (CV) is done to investigate the reduction and
oxidation processes of the materials. From the potential of reduction and
oxidation, LUMO and HOMO energy level of a material can be extracted,
additionally which can be used to calculate electrochemical band gap energy of
corresponding material. Figure 8.5 shows CV graph of ferrocene, ME180,
ME150 and ME120 respectively.
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Figure 8.5: Cyclic voltammetry plot for (a) ferrocene, (b) ME180, (¢) ME150 and (d) ME120

HOMO and LUMO energy level can be calculated using equations below
[17, 18].

Epomo = — [(4. 8-E: fem> +E,| eV 8.3)
ELUMO = — [(4 8 — E%ferro) + Ered] eV (8.4)

Ei feo can be calculated using oxidation and reduction potential of ferrocene

with help of the following equation [17, 18].

EoxtEred

= Zoxtfred (8.5)

1
Ef erro 2
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Voltammogram has recorded oxidation and reduction of ferrocene have
started at 0.38V and 0.54V respectively. So, the value of E fro 1S Obtained as
0.46V using equation 8.5. Oxidation process of synthesized materials has started
at 1.24V, 0.25V and 0.22V respectively i.e., ionization of ME180 starts at much
high potential level than other two. From CV, using equation 8.3 and 8.4 the
HOMO and LUMO positions of the materials are determined as -5.58 eV and -
3.63 ¢V (ME180), -4.59 eV and -3.65 eV (ME150), and -4.56 ¢V and -3.76
(ME120) respectively. The electrochemical band gap energies (i.e., difference
between LUMO and HOMO energy) are obtained as 1.95 eV, 0.94 eV and 0.8 eV
for ME180, ME150 and ME120 respectively.

8.3.4. Stability Analysis:

Thermogravimetric analysis (TGA) is used to measure a material's thermal
stability and its proportion of volatile components by observing the sample's
weight change during continual heating. According to the TGA data recorded up
to 800°C the graph of Figure 8.6 has been obtained. As clearly seen in the figure,
all respective graphs indicate an abrupt fall in weight percentage (wt%) near
350°C. The 1* reduction in wt% for all the depicted curves between 90°C to
110°C specifies evaporation of volatile impurities in samples [19]. The mentioned
fall near 350°C refers starting of possible oxidation of samples and formation of
molybdenum oxide (M0QO3) [19]. The compound mixture is stable up to 735°C.

The complete deformation of whole compound happens after that.
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Figure 8.6: Thermogravimetric graph for respective material
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8.3.4. Electrical Analysis:

The current-voltage characteristics of respective MS devices was also
studied in an applied voltage range of 1V. All the recorded data plotted in the X-
Y plane (I-V) graph as shown in Figure 8.7 indicates non-linearity in curves in
forward bias regime. This nature of curve significantly justifies the formation of
Schottky contact at the MS junction. However, the device made with ME150

shows better response than other two. Calculated rectification ratios listed in

Table 8.3 propose quite better rectifying nature of AI/ME150 junction.

0.05

0.04 1

<

=

@
L

Current (A)
o
o
N

—o— ME180)
—a— ME150|
—o— ME120)]

(@),

Figure 8.7: I-V Characteristics curve for the fabricated structures in (a) linear and (b) log

The Inl-InV graph in Figure 8.8 has three distinguish region named as
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ME120 to determine type of current transport mechanism
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For Region I slope values are nearly one for individual curves. In this
region current value is directly proportional to the applied voltage i.e., it follows

Ohm’s law of conduction [20].

From Region I, Schottky parameters like ideality factor (I.F.), barrier
height of the interface and series resistance associated with the junction can be
calculated with the help of the renowned Cheung's method [Figure 8.9] using
thermionic emission theory assuming the effect of series resistance [equation

1.13, 4.7 and 4.8].
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Figure 8.9: dV/dInl vs I and H(I) vs I curves for the corresponding SBDs

The trend of lowest barrier height and better ideality of AI/ME150 diode is
supported by Mikhelashvilli method [ Figure 8.10].

The equations for Mikhelashvilli method of Schottky parameter extraction

are given bellow [21]:

_ QVmax(@max—1)
n= arznaka (8.6)
kT Imax
¢y = | @max + 1~ In (225 (8.7)

Where a (V) 1s Mikhelashvilli function, defined in Chapter 4.
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Figure 8.10: d(Inl)/d(InV) plot against biasing voltage for each device

Although the extracted values are slightly different for indicated methods,

but the overall analysis of results suggests ME150 based device shows no doubt

better performance than other two devices.

Table 8.3: Forward bias Schottky parameters

Device Rectification|Conductivity|  From Cheungs’ method Mikhelasvilli
ratio (S m?1) x10#| I.F. |Barrier] Rs(Ohm) I.LF. |Barrier
height | From | From height
(eV) |dv/dinl] H(I) (eV)
(Ohm) | (Ohm)
AI/ME180/ITO|16.96 2.077 1.736 |0.630 |397.711|408.965|5.265|0.633
AI/ME150/ITO |28.65 15.319 1.496 |0.572 |66.692 |68.766 |4.451|0.575
AI/ME120/ITO |6.75 2.212 1.777 |0.631 |344.552|353.805|4.796|0.639

In Figure 8.8, region Il having slope value nearly equal to 2 indicates the

current follows I<V? rule. This region is known as space charge limited current

(SCLC) region. The current in this region is mainly governed by the equilibrium

charge-carrier density and the induced charge carriers resulting by an applied

voltage. From this region using Mott-Gurney law (equation 4.11) carrier mobility

for single current device can be easily extracted. According to this law, if the
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voltage across a single-carrier device is high enough, the virtual electrode will
line up with the actual electrode, and reduction in barrier height will be close to

zero, leaving the current across the device to be controlled primarily by drift.

Relative permittivity of each MoSe, sample can be calculated using
capacitance versus frequency measurement. Change in capacitance value with

respect to logarithm of frequency is shown in the figure below (Figure 8.11).
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Figure 8.11: Capacitance versus logarithmic frequency graph for each sample

In equation 4.12 using saturation value of frequency induced capacitance
dielectric constant of the material can be calculated. The extracted values of

dielectric constants are 22.08, 11.45 and 7.67 for ME180, ME150 and ME120
respectively.

Figure 8.12 shows 1-V? graph of the fabricated configurations. The values

of mobilities are enlisted in Table 8.4 and suggest a better carrier mobility for
AI/MEI1S50/ITO device.
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Figure 7.12: Plot for variation of current against square of voltage for (a) A/ME180/ITO,
(b) AUME150/ITO and (¢) AVME120/ITO configuration
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As discussed earlier, impedance spectroscopy (IS) analysis can also be a
method of extracting the charge transport properties. The IS is performed with
oscillatory voltage 50 mV and a frequency range of 40 Hz to 10 MHz. The
resulting Nyquist plots at unbiased condition are shown in Figure 8.13, which
shows the graphs to be distorted semicircle. The semicircle of the ME150-based
device has a much lower diameter than the semicircles for other devices,
according to the Nyquist plots. The ME150's shorter semicircle suggests that

there is less charge recombination and charge transfer resistance.
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Figure 8.13: Nyquist plot for diode made with synthesized materials

Faster charge transfer is therefore feasible with the ME150 thin film.
Whereas the Nyquist plot provides an insight regarding the impedance against
charge transfer, the Bode phase diagram can provide us information about the
lifespan of charge carriers. Figure 8.14 represents the corresponding Bode phase
plot, which clearly indicates that the characteristic peak for ME120 based SBD
occurs at a higher value compared to others. Also, ME180 and ME150 based
diode show their peaks at same frequency. Using this peak frequency (fyeax), the
lifetime (11) of charge carriers can be obtained. The charge carrier lifetime of both

ME180, and ME150 1s 419 ns and for ME120, this is 218 ns which is much lower.
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Figure 8.14: Bode phase plot for Schottky barrier diodes

So, the lifetime of the active charge carriers in the ME150 is higher which
1s another key factor contributing to its better performance. The fact that the
charge carrier lifetime of the materials is required to be higher than their
respective transit times for efficient charge transfer by the carriers to opposite
electrodes, is emphasized here. However, comparing the carrier lifetime and
carrier transit time for all the respective diode it is crystal clear that for ME150,
its superior device performance can be attributed to the fact that its carrier lifespan
is orders of magnitude greater than its carrier transit time. Understanding how
charge carriers diffuse from one electrode to the other across a thin layer requires
knowledge of the diffusion length of charge carriers. Diffusion length (Lp) of

carriers can be evaluated by employing equation 6.7 and 6.8.

Table 8.4: Charge transport parameters

Sample mobility Transit Carrier Defect Life | Diffusion
Name time (ns) | concentrationx10?° | density | time length
x10%2 | (ns) (rm)
ME180 5.748x10° | 206 12.41 2.94 419 13.57
ME150 5.486x10° | 14 8.99 2.44 419 41.93
ME120 1.272x10° | 110 3.49 1.03 218 14.56
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All the parameters related to charge transport, derived here, are given in
Table-8.4. 1t is clearly seen, the diffusion lengths of the charge carriers are larger
than the thickness of the film, which is also an essential criterion for an efficient
device performance. The average diffusion length of ME150 is about 3 times
larger than both ME180 and MEI120 based devices which led to better
performance in the ME150 based device.

However, the semicircular plots of Figure 8.13, demonstrates that the
SBD's comparable circuit is made up of both resistive and capacitive networks
[22]. As seen in Figure 7.13 (a), the analogous circuit for a Schottky diode is
often represented by an RC network that is connected in parallel and a series
resistance that is connected to RC network serially. The simulated spectra from
the conventional model are unable to accurately match the experimental
impedance spectra for each device. Therefore, in order to see if it could fit the
impedance spectra correctly, a more complicated equivalent circuit is created
(Figure 7.13b). It is evident that the equivalent circuit resembles the behaviour
of a diode in an alternating current by using two resistance-capacitance circuits,

a parasitic inductance, and a series resistance.

Table 8.5: Parameters value from EIS analyser

From EIS Series Series Resistance | Capacitance | Resistance |Capacitance| Constant
analyzer for |Resistance| Inductance [arose from| arose from | arose from | arose from Phase
Q) (H) Al-MoSe2 | Al-MoSe2 | MoSez-ITO | MoSex-ITO| Value
interface interface interface interface
() (F) () (F)
ME180- 11.13 + [1.9257x107 |57.232 +|2.6461x10° [589.3 4.8519%10" (0.94705
based 1.2324 |+ 7.9874 10.272 + 26.272 +0.68306 |®+0.75935 |0.059891
device
ME150- 10.072 + | 1.93x107+ | 25.814 + | 9.1983x10% | 62.18 + |9.5335x10|0.94697 +
based 0.34096 6.0744 0.16685 | +0.62447 0.07164 |8+ 0.26817|0.022049
device
ME120- 12.6 + | 1.6398x107 | 6.3746 + | 6.7803x10° | 383.44 + |2.3689x10 (0.90082 +
2.3678 +18.911 4.9384 + 28.002 0.10674 | 8+0.4084 | 0.034714
based
device
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For mathematical analysis of the model, equation 7.4, 7.5 and 7.6 are taken

into consideration.

The electric conductivity that is referred to as ac conductivity when the

electric conductivity originates from a potential dependent on time.

The ac conductivity of the materials can be determined using the

subsequent formula [23]:

z' d
Oac = 7217112 A (8.8)

Where d is the film thickness.

The graph illustrates that at low frequencies, o, exhibits frequency
independent behaviour, whereas at higher frequencies, a frequency dependent
area takes precedence. The frequency at which curve's slope begins to change is
known as “hopping frequency”. Jonschers’ power law [24] describes the

behaviour of the obtained plot of 6, as follows.
Ogc =04c + S 8.9)

Where, ogac 1s the frequency independent dc conductivity, the temperature
dependent constant is S, and the exponent n lies 0 <n <I. A translational motion
1s also engaged by hopping conduction when n is equal to or less than 1. However,

localized hopping is involved for n values larger than 1.

The graph (Figure 8.15) indicates that as frequency increases, ac
conductivity rises as well. From Figure 8.15 extrapolating the frequency
independent part of the curve to o, axis the value of dc conductivity Nonetheless,
it is evident that ME150 has the highest dc conductivity values out of the three
(ME180: 1.17x10*Sm™!, ME150: 0.00139 Sm™!, and ME120: 3.22x10*Sm™).
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Figure 8.15: Frequency dependent conductivities for the synthesized materials

8.4. Conclusions:

In conclusion, MoSe, nanospheres are successfully synthesized using
hydrothermal process even in a low temperature of 120°C. Different characteristic
analysis indicates possibility of better performance of MoSe, synthesized at
150°C in electronic device applications. The potential applicability of the derived
materials within metal-semiconductor based Schottky barrier diode is confirmed
from non-linear behaviour of I-V characteristics of fabricated diodes. Schottky
parameters reveals significantly lower turn on voltage that put ME150-based
device forward than other two. The underneath mechanism of electrical
performance is explored by charge transport analysis using both [-V data and IS
measurements. These overall analyses illustrate the potential behaviour of low
temperature derived MoSe, in fabrication of Schottky diode. At a quite low
temperature (150°C) MoSe; is highly appreciable for efficient device application.
However, for optical application ME180 may shows a better performance than

other two as only it has absorbance in visible light range.
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Chapter 9

Overall Summary and Future

Outlook of the Work
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Since its first discovery inorganic compound semiconductors have

grabbed both the attention and interest of the researcher till the date. Different
properties and corresponding different applications are discovered and yet to
explore in future. The revolutionary advancement of electronics over the latter
part of the 20th century has had a significant impact on our way of life and society.
Science and technology have advanced their study and development, highlighting
the significance of metal-semiconductor interfaces as the building blocks of all

electronic devices.

Therefore, in this thesis, an overview of some inorganic compound
semiconductor (SnO,;, ZnO, CoS,, MoSe;) has been drawn, and also, their
properties and application in metal-semiconductor junction has been
demonstrated elaborately. However, performance of SnO, composite with rGO
has also been reported. As a better and easy synthesis procedure for nanomaterial
synthesis mainly hydrothermal/solvothermal synthesis of each considered
semiconductor has been reported here. Also, one example of co-precipitation
method has been enlisted in this thesis. Different barrier height extraction method
like current-voltage (I-V), capacitance-voltage (C-V) etc. and their successful
implementation for the calculation of devices’ barrier height are discussed

precisely here.

SnO, being an important and huge studied inorganic semiconductor
already proves its beneficial performance in the field of electronics. A brief
comparison between SnO,/Al junction with a metal semiconduction junction of
aluminium and rGO-SnO, nanocomposite has been elaborated. A little
incorporation of GO has made a great improvement in junctional behaviour of
fabricated device. Also, high photosensitivity has been reported which makes
rGO-SnO; nanocomposite a promising material for photodiode and possible other

optoelectronic devices.
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An examination of the temperature-dependent performance of the
manufactured SBDs has revealed a significant departure of the Richardson
constant from the theoretically calculated value, suggesting the existence of
barrier inhomogeneity. According to the research, the TE mechanism with a
Gaussian distribution of the barrier heights best explains the temperature-
dependent I-V characteristics of the produced SBD. This mechanism has also
yielded a value of the Richardson constant that is extremely close to the

theoretical value.

As, different synthesis procedures may affect different properties of
synthesized nanomaterial, a comparison between ZnO nanomaterial obtained
from two different synthesis method has been drawn and better performance of
Zn0 from hydrothermal method has been established through the analysis of -V,
C-V and IS characteristics.

Metal chalcogenides a recent development in semiconductor family is also
taken into consideration and successful implementation of them in MS junction

has been described.

Annealing of a nanomaterial has an obvious effect on the properties of
material as recrystallization happens during annealing. It may have positive or
negative impact on the performance of the devices made with the material. A
positive impact of higher annealing temperature on the performance of CoS,-
based MS junction as a result of improved properties of annealed CoS, has been
presented in this thesis. Magnetic moments of material before and after annealing

also has been demonstrated.

Properties of obtained material from solvothermal synthesis depends on the
conditions i.e., temperature, time, medium etc. of the synthesis. Using ethanol as
the medium of a fruitful synthesis of MoSe, nanomaterial has been reported even

in a very low temperature of 120°C. Among the all when synthesis temperature is
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maintained for 150°C, obtained MoSe, gives its best performance as the device

component of fabricated MS device.

Ultimately, the overall image that emerges from this thesis shows that
inorganic compound semiconductors like metal oxides and chalcogenides are
excellent material for electronic device applications because of their unique
properties. Easy synthesis method for each material has been described. The study
also has clarified a straightforward method of adding rGO to improve the
inorganic semiconductors' device performance. Furthermore, a thorough
examination of the charge transport characteristics and metal-semiconductor
junction might aid in the basic comprehension of these interfaces. The research
described here, which is based on the enhancement of properties and application
of compound inorganic semiconductors as a device, could be useful in the future
for the design of electronic devices such as photovoltaics, transistors,
photodetectors and other different electronic devices. Tuning of different
properties of nanomaterial is one of the most promising emerging technologies.
This study provided evidence that properties and morphology of a material can
be tuned by changing condition of the synthesis method and processes applied
after synthesis. By further refining synthesis processes, device fabrication
techniques, and other elements, the device performance may be further enhanced.
It appears that inorganic compound nanomaterials could be the ultimate
flagbearer, helping to shape nanotechnology's future like never before, thanks to

the tireless efforts being made all across the world.
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ARTICLE INFO ABSTRACT

Keywords: Graphene and its nanocomposites with different semiconductor materials have attracted significant research

IGQSHOz - interest in the last decade due to their improved performance in various fields. In this report, SnO; and a reduced

s(‘f;nft; m:'l:cll“y graphene oxide (rGO)-SnO; composite is synthesized via hydrothermal method. Structural, optical and electrical
ottky diode

characterization of the material is performed. Incorporation of rGO increases the light absorption and reduces the
band gap of SnO,. Schottky barrier formation at metal-semiconductor junction is important for various appli-
cations. Here, we describe the performance of SnO; and rGO-SnO based Schottky diode. Important diode pa-
rameters like rectification ratio, ideality factor, barrier height and series resistances are calculated from forward
Current density-voltage (J-V) characteristics. rGO-SnO; shows much better performance compared to SnO,.
Analysis of Photoresponse behavior reveals that rGO-SnO; shows photosensitivity of about 9.95 which is higher
than that of SnO; (2.42). After incorporation of rGO, other diode parameters and transport properties were also
improved. To gain better insight on charge transport properties, space charge limited current theory has been
utilized. In rtGO-SnO,, carrier mobility is increased by 62% compared to SnO,, implying that rGO-SnO, has better

Rectification ratio

charge transport due to enhanced electron hole separation which is attribute to the presence of graphene.

1. Introduction

Graphene is a two dimensional material with monolayer honeycomb
nanostructure composed of sp2 hybridized carbon atoms [1]. It has very
large surface area (2630 m%/g) which facilitates higher absorption of
light and greater interfacial contact [2]. It is a very thin but strong
material with high carrier mobility and pc optical transp y of
wide wavelength range [3]. Nowadays, with these excellent properties,
graphene have become good candidates for uses in different applications
such as optoelectronic devices, photosensors, supercapacitors, solar cell
etc [4,5]. Graphene has already been used in numerous applications of
Schottky diodes which is a key part of many electronic devices [6].
Higher rate of recombination, interface quality, cost and toxicity of the
used materials are the issues for Schottky barrier diode (SBD) [7]. To
overcome these problems, a number of semiconductor materials have
been explored. Graphene based nanocomposite materials are especially
attractive choice for improved performance. Nowadays, metal oxide
based semiconductors are of great interest due to their versatile prop-
erties. They are applied frequently in field effect transistor, chemical
sensors and memory application [8]. Among them SnO is used widely

for its low resistivity, excellent electron mobility, non toxicity, good
stability, low cost and availability [9]. It has application as gas sensors,
anode in lithium ion batteries etc. [10] SnO; is an n-type wide band gap
semiconductor (bandgap of bulk SnO; is 3.6 eV) [11]. So, it is only
sensitive to lower light wavelength. Also it has higher recombination
rate. If its bandgap and recombination rate can be reduced, we can use it
for photovoltaic application and other optoelectronic devices. It has
been shown that if graphene is incorporated in the SnOy, the light ab-
sorption range of SnO, can be increased. According to earlier reports,
graphene-SnO, composite is promising for its effective changes in
dielectric properties, gas sensing, supercapacitor, and field emission
study [12]. But investigation of Schottky diode properties through gra-
phene-Sn0Oy/metal junction has gained rare notice. It motivated us to
investigate graphene-SnO; based Schottky barrier diode compared to
the Schottky barrier diode fabricated with pure SnO,, which can be
beneficial to understand the effect of graphene on device performance
and charge transport properties of the material.

As pure graphene is hard to achieve, reduced graphene oxide was
used. Graphene oxide (GO) can be produced using a modified Hummers’
method and after that followed by a reduction procedure GO can be
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ARTICLE INFO ABSTRACT

Keywords: In this research, the p depend d ical behavior of Schottky junction Al/rGO-SnO* has been
rGO-SnO; nanocomposite investigated with thermionic emission (TE) theory within the temperature regime 303 K to 423 K at interval 20
Defects

K. During analysis of electrical charge transport behavior an anomalous change is observed in the value of
Schottky diode 1
Barrier height
Interface
Inhomogeneity
Gaussian distribution

ideality factor and barrier height with rising temperature for the junction. Experi; derived Rict
constant (of the order 10°A/m?K?) using TE theory is exceptionally substandard to the theoretical (of the order
10°A/m?K?) values. The beauty of this work is to find out the underline physics for this discrepancy in mea-
surement of Richardson constant (might arose due to inhomogeneity in barrier of metal-semiconductor junction)
by assuming the Gaussian distribution of the barrier height with TE theory at the junction. It is obvious that the
occurrence of barrier inhomogeneity across the junction leading charge transport phenomena which mostly

pacting upon the p of Schottky diodes and its nature because of intrinsic formation of ripples and
ridges. In this study, it is found that the charge transport mechanism is highly follows the single Gaussian dis-
tribution. The material characterization and its Schottky behavior in normal temperature had been published
elsewhere.

Introduction graphene composites can be influenced by the operating environment

[6]. The current conduction mechanism of SBDs depends upon

Thin film based Metal-Semiconductor (MS) Schottky Barrier Diode
(SBD)s [1] have attracted huge attention for its wide range of applica-
tions, especially in the micro-electronic devices such as optoelectronic
[2], bipolar integrated circuits [3] and high frequency device applica-
tions [4]. Several current transport mechanism such as thermionic
emission (TE), barrier tunneling and carrier generation-recombination
at space charge region have been studied to explain various MS junc-
tion. Moreover, for the unique features like high conductivity, wide
optical transparency and great compatibility for thin film fabrication,
graphene composite has proven itself as an important candidate for
application in Schottky barrier diodes (SBDs) [5]. As various defects in
the crystalline structure effect on material’s characteristics under the
impact of different environments, having high grain boundary density

* Corresponding author.
E-mail address: parthap.ray@jadavpuruniversity.in (P.P. Ray).
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numerous parameters like the operating temperature of the device,
barrier height inhomogeneities at MS junction, internal series resistance,
functional bias voltage, process of diode preparation [7]. Moreover,
there has been growing interest towards rGO-SnO; nanocomposite in bio
sensors [8], Schottky diodes etc. [9]. The reported band gap value of
rGO-SnO;, is nearly 3.1 eV for the rutile structured SnOy decorated in
rGO layers [10]. The performance and reliability of rGO-SnO; based SBD
is dominated by ideality factor, Schottky barrier height (SBH), active
metal semiconductor interface, density of interface states and internal
series resistance at the metal-semiconductor (MS) junction [11]. For an
ideal SBD, ideality factor is 1 and the barrier height is measured simply
by the difference between the work function of the metal and the elec-
tron affinity of the semiconductor [12]. Barrier height (BH) influences
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ARTICLE INFO ABSTRACT

Keywords: In this work, we report two different synthesis process of semiconducting ZnO which modifies the morphology of
Morphology the ZnO materials and its impact in photosensing Schottky diode. Hydrothermal and co-precipitation method
Schottky . were used to synthesize ZnO which gave rise to rod like (ZnO HT) and particle like ZnO (ZnO COP), respectively.
ll\)/l'::o[:—rs:sr;:’:]:ductor interfage From UV-Vis analysis, ZnO HT exhibited greater optical absorption. Al/ZnO (HT and COP)/ITO Schottky diodes

were fabricated and the photoresponse as well as diode parameters were investigated by current-voltage and
capacitance voltage measurements. Then charge transport properties were determined by space charge limited
current theory and impedance spectroscopy. The results showed that the ZnO HT based SBD delivered a
responsivity of 0.144 A/W which is 121% higher than the responsivity showed by ZnO COP based SBD (0.065 A/
W). The specific detectivity of ZnO HT was measured at 7.54 x 10° Jones, a noticeable improvement from the
4.10 x 10° Jones of ZnO COP. The carrier mobility, lifetime and diffusion length of the ZnO HT based device
were found to be 0.0014 em? Vs, 72.35 ps and 72.37 um respectively which are again superior to its
counterpart. The faster and better charge transport is facilitated by the rod like morphology of the former. The
study demonstrates improved device performance of rod like ZnO based Schottky diode and provides detail
analysis of the Al/ZnO interface which can be beneficial for future research on metal-semiconductor junction.

Space charge limited current
Charge transport

1. Introduction

For a long time, zinc oxide (ZnO) has been the centre of intensive
research and it continues to be so due to its optical transparency, non-
toxic environment friendly nature, simple cost effective synthesis pro-
cedure and promising applications. Due to hexagonal wurtzite crystal
structure and noncentro symmetry of the oxygen atom in tetrahedral
coordination geometry, ZnO exhibits exciting properties [1,2]. Equip-
ped with these favourable attributes, ZnO has been extensively used for
electronic, optoelectronic, and electrochemical applications such as
Schottky diodes, lasers, thin-film transistors, piezoelectric devices,
light-emitting diode, photovoltaic cell and gas sensors [3-18].

Among them, metal-semiconductor Schottky barrier diodes (SBDs)
are one of the most important devices for radio frequency (RF) elec-
tronics, optoelectronics, and fast switching device application. Not only
that, they offer an interesting platform for material characterization
[19-21]. The performance of a Schottky diode is influenced by the

* Corresponding author.
E-mail address: partha@phys.jdvu.ac.in (P.P. Ray).
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material properties and especially, by the morphology of the materials.
Over the past decade, application of rod like structures of ZnO has
received widespread attention due to a large surface-to-volume ratio
with reduced dimension [2]. Significant time and effort is being devoted
for high-quality ZnO-based Schottky diode fabrication and their char-
acterization using a variety of techniques [22-27]. The morphology of
ZnO can change depending upon the synthesis technique and that
change can affect its performance in a Schottky device. To have a good
understanding of the metal-semiconductor interface, along with
current-voltage (I-V) characteristics, capacitance-voltage (C-V) and
impedance spectroscopy measurements can play a pivotal role. In
addition, the analysis of charge transport from I-V and impedance
spectroscopy is very important.

So, in this paper, we report the synthesis of ZnO with particle (ZnO
COP) and rod like (ZnO HT) morphology by coprecipitation and hy-
drothermal method, respectively. Thereafter Al/ZnO SBD are fabricated
and their photoresponse is compared. To investigate the Al/ZnO

Received 27 August 2020; Received in revised form 13 February 2021; Accepted 7 March 2021
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M) Check for updates 4,4’'-Bipyridine-based Ni(i)-metallogel for
. fabricating a photo-responsive Schottky barrier
s diode devicet

Pubali Das,” Santanu Majumdar,” Arka Dey, {37 Sourav Mandal,® Atish Mondal,®
Sinchan Chakrabarty,” Partha Pratim Ray** and Biswajit Dey (& *°

A functionally advanced Ni(i)-metallogel (Ni-D-TA) was prepared through the sonication of nickel(i)
chloride hexahydrate and 4,4'-dipyridyl and triethyl amine in an N,N-dimethyl formamide solvent at room
temperature under ambient conditions. The rheological investigation proves the mechanical stability of the
functional Ni-D-TA metallogel. FESEM microstructural analysis unveils a rock-like morphology with a self-
assembled architecture of the Ni-D-TA metallogel. The optical and electrical properties of the metallogel

Received 3rd April 2021, were thoroughly examined, and the results indicate the semiconducting nature of Ni-D-TA. Electrical
Accepted 26th July 2021 conductivity and photosensitivity show its capability in optoelectronic device application. Also, it is seen
DOI: 10.1039/d1nj01629f from the experimental studies that light irradiation endows the metallogel with better device parameters
and charge transport properties. The rectification ratio increases to two-fold under illumination. This type
rsc li/njc of metallogel with photosensing Schottky behaviour advances the area of optoelectronic devices.
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A dual-functional 2D coordination polymer exhibiting photomechanical and electrically
conductive behaviours
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Abstract

A photoactive two-dimensional coordination polymer (2D CP) [Zn,(4-spy),(bdc),],, (1) [4-spy = 4-
styrylpyridine and H,bdc = 1,4-benzendicarboxylic acid] undergoes a photochemical [2 + 2] cycloaddition
reaction upon UV irradiation. Interestingly, the crystals of 1 show different photomechanical effects, such
as jumping, swelling, and splitting, during UV irradiation. In addition, the CP was employed for
conductivity measurements before and after UV irradiation via current density-voltage characteristics and
impedance spectroscopy, which suggest that they are semiconducting in nature and can be used as
Schottky diodes. Thus, this work demonstrates the potential dual applications of a 2D CP based on
photosalient and conductivity properties.



ringguidelines for options on how to legitimately share published articles.

JADAVPUR UNIV on December 14, 2023 at 07:17:09 (UTC).

Inorganic Chemistry

pubs.acs.org/IC

In Situ Oxidation of Pyridyl-Dihydrobenzoimidazoquinazoline and
the Synthesis of a Highly Luminescent Cd(ll) Coordination Polymer:
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ABSTRACT: Pyridyl-substituted imidazoquinoline, a potent
fluorescent framework, is advantageous to architect multifunctional
coordination networks for sensing and fabricating emergent
electrical conductors. In this work, a Cd(II)-based one-dimen-
sional (1D) coordination polymer (1D CP), [Cd-
(glu),(pbiq),(H,0)], (1), [Hyglu = glutaric acid and pbiq = 4-
(6-(pyridin-4-yl)benzo[ 4,5 Jimidazo[ 1,2-c]quinazoline)], has been g -
structurally confirmed by single-crystal X-ray crystallography. The
H-bonding and -7 interactions built a three-dimensional (3D)
supramolecular structure that strongly emits at 416 nm in
acetonitrile suspension. Potentially intrusive nitroaromatics
(NAs) and trinitrophenol (TNP) selectively quench the strong emission of 1, and the highest quenching is noted in the case of
TNP. A detection limit (limit of detection (LOD)) of 1.51 X 10~ M for TNP is determined. The band gap (3.31 eV) of 1
recognizes semiconducting behavior, and an electronic device is fabricated. The correlation of current vs voltage (I-V plot) reveals a
substantial non-ohmic electrical conductivity of 1 (A: 1.10 X 107 S m™") along with a low energy barrier (®y: 0.69), and the series
resistance (R,) becomes 6.21 kQ.
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ARTICLE INFO ABSTRACT

Keywords: lybd Tungsten Di-Sulphide is a semiconducting alloy of different TMD (transition metal dichalcogenide)
MoS, and lIVIOWSZ nanocomposites materials that has enormous tunable structural, optical, and electrical attributes. In this research, we have
Schottky diode performed the hydrothermal synthesization of Mo; xWS; ites with different molar concentration of

Current density-Voltage

Charge transport parameters
Metal semiconductor junction
Impedance spectroscopy analysis

tungsten (i.e. x = 0, 0.1, 0.2, 0.3) and fabricated Al/Mo;xW,S»/ITO structured Schottky Barrier diodes. Char-
acterization 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 Moy gWy 2S; device are 5.65 x 10*m?V!s!and 1.59 ns respectively. These results are
better than the rest of the devices. Dramatic conductivity enhancement for the MoggWy.2S2.based Schottky
device is 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 Mog gWo 2S2-based device from a structural perspective.
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Abstract

ACu(n)-based metal-organic framework (MOF) [Cu(muco)(3,5-DCP)] , (1) has been synthesized by using
linear rigid aliphatic dicarboxylic acid, trans, trans-muconic acid (H,muco) and 3,5-dichloropyridine (3,5-
DCP) as an auxiliary ligand. The MOF adopts a square-grid two-dimensional (2D) structure with paddle-
wheel [Cu,(00C),] robust secondary building units (SBUs). The 3,5-DCP ligands are perpendicularly
projected from the SBUs at both sides and undergo interdigitation viaantiparallel 71 stacking
interactions among 3,5-DCP ligands to fabricate three-dimensional (3D) supramolecular architecture. The
T interactions favour the formation of Cl---Cl stacking contacts. These non-covalent interactions are
further validated by density functional theory (DFT) calculation. In addition, the synthesized MOF is tested
for conductivity measurements via current density-voltage characteristics, as well as impedance
spectroscopy, which reveal that the MOF is semiconducting in nature and can be used as a Schottky diode.
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Abstract

Three mixed-valence trinuclear cobalt(i1)-cobalt(i1)-cobalt(ill) complexes, [Co"{(p-L")(p-
0AC)Co"(OAC)},)-2.67TH,0 (1), [Co"{(p-LY) (1-00CPh)CoM(DMSO), s(O0CPh), ,1,1(ClO,); ; (2) and [Co(u-L?)
(H-00CPh)Co'"(DMS0), 75(00CPh)q 55},](ClO,), 5 (3), have been synthesized using two tetradentate N,0,
donor ‘reduced Schiff base’ ligands, H,L! {1,3-bis(2-hydroxybenzylamino)2,2-dimethylpropane} and H,L?

{2,2'-[1,1'-(prop: 2,2-diyldiimi hylidene]diphenol}, and acetate or b as anionic co-ligands.
These complexes have been characterized by spectroscopic measurements and their solid state structures
have been determined by single crystal X-ray diffraction analysis. The cobalt(in)-cobalt(n)-cobalt(in)

skeletons of complexes 1 and 2 are linear, centrosymmetric; but in complex 3, it is non-centrosymmetric.

Both the central cobalt(n) and terminal cobalt(ii) atoms are hexa-c i dinall three The
structure directing role of several noncovalent interactions in the solid state of the complexes has been

d water moleculesin 1

investigated focusing on the H-bonding interacti diated by the co-cry

and the perchlorate counterions in 2 and 3. Thermo-gravimetric analysis (TGA) provided a thermal driven
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In quest of New Energy Material: 3D Mn (lI)-
coordination Polymer, the Schottky Device and
Theoretical Interpretation
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Abstract

Single crystal X-ray structure of amino-isophthalato bridged Mn (ll) co-ordination polymer,
{(Mn(asp)(H20)].(H20)2}» (1) [Hzasp = 5-aminoisophthalic acid] is determined to support
previously characterized structure of the polymer. The Tauc's plot obtained from UV-Visible
spectra has determined the optical band gap, 2.53 eV, which corroborates the semiconducting
nature. Mn(ll) centre is coordinated by four carboxylate-O (one chelated carboxylate-O,0 and

two monodentate carboxylate-O), one H,O and one -NH; (of aspz-) to constitute MnOsN

Inorganic Chemistry

ST,

Cu(ll)-Based Molecular Hexagons Forming Honeycomb-like
Networks Exhibit High Electrical Conductivity

Sanobar Naaz, Pubali Das, Samim Khan, Basudeb Dutta, Sourav Roy, Antonio Frontera,*
Partha Pratim Ray,* and Mohammad Hedayetullah Mir*
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ABSTRACT: Four new Cu(II)-based h | ! with the 1l rocycle formulae [Cuy(S-nip)s(3-py)s(H,0),,]
l) [Cug(5-nip)e(3-Clpy)s(H,0),,] (2), [Cug(s- mP)¢(3 Brpy)s(H;0),,] (3), and [Cug(5-nip)s(3-Ipy)s(H,0),.] (4) have been
hesized using S-nitroisophthali acld (H,5- mp) and pyridine (py)/3-halopyridine (3-Xpy; X = Cl, Br, and 1) ligands. The
structural features and supramol of pounds 1—4 have been investigated using the single-crystal X-ray
diffraction (SCXRD) technique. Interestingly, the hexagonal ¢ 1 d hydrogen bonding and 7---7 stacking interactions to

form fascinating two-dimensional (2D) honeycomb-like structures. The synthesized complexes cxhxblt high electrical conductivity,
arising from charge transport through space via 77 contacts. However, complexes containing 3-Brpy (3) and 3-Ipy (4) exhibit
photosensitivity due to the presence of halogens with a larger size and lower ionization energy. The conductivity results are also in
accordance with the theoretical prediction calculated by density functional theory (DFT) study.
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Halogen--Halogen and z—Hole Interactions in Supramolecular
Aggregates and Electrical Conductivity Properties of Cu(ll)-Based 1D
Coordination Polymers
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ABSTRACT: The two isostructural one-dimensional coordination
polymers (1D CPs) [Cu($-nip)(3-Clpy),], (1) and [Cu(5-nip)(3-
Brpy),], (2) have been synthesized using a S-nitroisophthalic acid
(H,S-nip) linker and the meta-substituted 3-chloropyridine (3-
Clpy)/3-bromopyridine (3-Brpy) auxiliary ligands. The structural

hitectures and sup lecular interactions of the CPs have been
investigated by single-crystal X-ray diffraction (SCXRD) and
density functional theory (DFT) studies, respectively. The
SCXRD study reveals that CPs 1 and 2 form a 1D double-chain
structure with carboxylato-bridged cyclic secondary building units
(SBUs). Interestingly, both CPs involve type I halogen---halogen
(X:+X) interactions bined with 77 stacking i ions to
generate a three-di ional (3D) supramolecular network.
Moreover, both CPs exhibit interesting X:-N z-hole interactions involving a nitro group as the electron acceptor. Both CPs
show electrical conductivity in the semiconducting regime and behave as Schottky diodes. However, CP 1 has a higher electrical
conductivity in comparison to CP 2.
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Fabrication of a halopyridine appended Co(II) based 1D coordination
polymer for efficient charge transportation

»
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ARTICLE INFO ABSTRACT

Anicl_c history: A new halopyridine appended Co(ll) based coordination polymer (CP), [Co(3-clpy),(fum),(H,0),], (1) {3-
Received 7 February 2021 clpy = 3-Chloropyridine and H,fum = fumaric acid} has been synthesized and characterized by elemental
Accepted 10 March 2021 analysis and single crystal X-ray diffraction (SCXRD) technique. Compound 1 crystallizes in monoclinic

‘Available:online:17 March-2021 space group P2,/c. Herein, the ditopic linker Hofum acts as bridging ligand in the formation of a one

dimensional (1D) CP. The 1D chains are interconnected via hydrogen bonding interactions leading to

g"yﬁ“" ds: 2D sheet. The 3-clpy ligands of one chain facilitate 7. - -7 stacking interactions with adjacent chain leading

stt)al SEretiTe to 3D supramolecular assembly which generally promotes better charge transport in the material.

Electrical conductivity Hirshfeld surface analysis has also been performed to check the non covalent interactions in the crystal

Hirshfeld surface analysis packing. Interestingly, the compound 1 shows electrical conductivity and reveals Schottky barrier diode
Schottky diode behavior.

© 2021 Elsevier Ltd. All rights reserved.
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Abstract

A nitro-functionalized Cu(ll)-based one-dimensional coordination polymer (1D CP) [Cu(nip)(4-phpy),], (1)
(H,nip = 5-nitroisophthalic acid and 4-phpy = 4-phenylpyridine) was synthesized and characterized by
elemental analysis, powder X-ray diffraction (PXRD) and single crystal X-ray diffraction (SCXRD). In the
solid-state self-assembly of 1, two sets of weak intermolecular forces, CH---Ttinteraction among the axially
bound 4-phpy ligands and 11t interaction among bridging nip ligands from adjacent 1D coordination
polymeric chains led to 3D supramolecular packing. Interestingly compound 1 exhibited electrical

conductivity in the semiconducting regime and behaved as a Schottky barrier diode.
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Abstract

Two novel coordination polymers {CPs) [Zn(cis-1,4-chdc)(4-phpy)],, (1) and [Zn(cis-1,4-chdc)(py)],, (2) (1,4-
H,chdc = 1,4-cyclohexanedicarboxylic acid, 4-phpy = 4-phenylpyridine and py = pyridine) were synthesized
and characterized by elemental analysis, infrared spectroscopy, single-crystal X-ray diffraction, powder X-
ray diffraction and thermogravimetric analyses. Both compounds formed a one-dimensional (1D) chain-
like structure constructed by Zn,(C0,), paddle-wheel dimers interconnected via double strands of ¢is-1,4-
chdc-bridges, whereby pyridine-based ligands were decorated as arms on both sides of Zn, dimers. In
compound 1, polymeric 1D chains underwent self-assembly via -1t stacking interactions among 4-phpy
ligands to form a 2D network, whereas this type of interaction was absent in 2. Interestingly, both
compounds exhibited electrical conductivity and revealed Schottky barrier diode behavior. However,
compound 1 showed better electrical conductivity (1.09 x 1073 S m™) with respect to compound 2 (6.01 x

107 S m™) because of -+ interactions.
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Double advantages of 2D coordination polymer of coumarinyl-pyridyl Schiff base
decorated Zn(ll): The fabrication of Schottky device and Anti-carcinogenic activity
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Chittaranjan Sinha &2«
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Abstract

A 2D coordination polymer, [Zn,(BDC)4(QPR)2(H20)]n (Zn(11)-CP) (BDCZ"=1,4-
benzenedicarboxylato; QPR = 7-[(pyridin-4-ylmethylene)-amino]-chromen-2-one), is
presumably the first reported on coumarinyl-pyridyl framework with terephthalato linker.
The optical band gap, 2.91 eV, is obtained from the Tauc's plot that insists to fabricate an
optically stimulated semiconducting device, and the electrical conductivity exhibited (A) is
8.07x1073Sm™" (dark) and 9.26 x 102 S m™" (light). The cytotoxicity in the selected human
cancer cell lines like HeLa, MDA-MB 231, and HepG2 cells in relative to the normal kidney
epithelial (NKE) cell line has been examined, and its efficacy is observed highest in inhibiting
proliferation of HeLa cells (ICso, 21.02) compared with other cancer cells (ICso: 42.22 [HepG2]
and 46.37 [MDA-MB 231]). Further, the Zn(Il)-CP possess intracellular reactive oxygen
species (ROS) generation and caspase-3/7 activation leading to G2/M cell cycle arrest and
apoptotic cell death in HeLa cell line. This novel coumarinyl-pyridyl ligand appended Zn(ll)-
CP has been employed for the fabrication of semiconducting device, which is quite
impressive in view of existing energy crisis civilization; in addition, the compound has
excellent bio-activity.

Materials Research Bulletin 118 (2019) 110507

Contents lists available at ScienceDirect MATERIALS
MBoETN
BULLET

Materials Research Bulletin

-

ELSEVIER journal homepage: www.elsevier.com/locate/matresbu

Effect of graphene on improved photosensitivity of MoS,-graphene
composite based Schottky diode
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ARTICLE INFO ABSTRACT

Keywords: In this work, MoS, and MoS,-Graphene (MGC) composite have been synthesized by hydrothermal process fol-
Schottky barrier diode lowed by their structural, optical and electrical characterization. The current density-voltage measurements
Mos, have been performed at room temperature by fabricating Al/MoS, and/or MGC/ITO configured sandwich

Current density-voltage
Photosensitivity
Charge transport phenomena

structured metal-semiconductor (MS) thin film Schottky devices. Under light and dark conditions, various
parameters of our synthesized material based devices like rectification ratio, series resistance, barrier height, etc.
have been measured and compared between the two. All the measured electrical properties show improvement
for the composite based diodes, noteworthy the photosensitivity which has been increased by almost 33 times,
signifying its potential application in photosensitive devices.
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Improving performance of device made up of CuO nanoparticles m)
synthesized by hydrothermal over the reflux method S’
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Impedance spectroscopy
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In this work, we have prepared copper (II) oxide (CuO) nanoparticles (NPs) via reflux (CuO (R)) and
hydrothermal (CuO (H)) methods. The electrical parameters like rectification ratio, ideality factor and
barrier height were compared between two synthesized CuO NPs after fabricating Al/CuO/ITO schottky
barrier diode (SBD). Under dark, rectification ratio increased by 37% for CuO (H) than CuO (R). In a similar
manner, photoresponse also significantly improved by a huge 93%. Impedance Spectroscopy measure-
ments establish that CuO (H) shows better charge transport and lower carrier recombination compared
to CuO (R). The enhanced device performance of the hydrothermally synthesized CuO based schottky
diode can be attributed to the reduction in lattice defect density and its good thin film properties.

© 2018 Elsevier B.V. All rights reserved.

Materials Chemistry and Physics 213 (2018) 2334

ELSEVIER

Contents lists available at ScienceDirect

Materials Chemistry and Physics

journal homepage: www.elsevier.com/locate/matchemphys

Experimental and theoretical overview on bias dependent Debye
relaxation and conduction mechanism of Cdy_xZnyS film and its

i’

significance in signal transport network
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HIGHLIGHTS

« Impedance Spectroscopy studies of Cd,..Zn,S (x =0, 0.4, 0.8) were carried out.

« Bias dependent relaxation process and conduction mechanism of grain and grain boundary is analyzed.
 Relaxation time is derived theoretically and experimentally using deconvolution and simulation.

« Electrical modulus and ac conductivity is discussed for conduction mechanism.

o The improvement in conductivity is found for Cdy.sZng.4S.
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ABSTRACT
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Available online 6 April 2018
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Grain and grain boundary relaxation

Electronic circuit

Bias dependent AC conductivity

In this li bias ion and of grain and grain boundary of
CdyxZnyS (x =0, 0.4, 0.8) are discussed with the help of impedance spectroscopy. To get the insight of
relaxation and conduction significance in signal transport network, we have simulated the experimental
impedance value with appropriate circuit. The simulation provides bias dependent grain and grain
boundary resistance and capacitance. It shows that the resistance of grain and grain boundary decreases
with the increase in bias and is found to be lesser for Cd.Zng 4S. Using various models we have found
that the crystallite size of Cdg 6Zng.4S is lowest with respect to the other samples and exhibits lower
grain and grain boundary resistance with better relaxation. We have tried to correlate the bias dependent
grain and grain boundary conduction mechanism with crystallite size using Mandurah model. So, this
literature has tried to enlighten the bias dependent relaxation and conduction behavior of Cdy.xZnyS and
the impact of grain and grain boundary in the signal transporting network.

© 2018 Elsevier B.V. All rights reserved.
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Abstract

The current-voltage (I-V) measurements on Al/ZnS Schottky barrier diodes in the temperature range 303 -
423 K by the step of 15 K were carried out. The forward I-V characteristics were analyzed on the basis of the
thermionic emission theory. The temperature dependence -V parameters such as ideality factor (n) and
barrier height (¢po) have been explained on the basis of inhomogeneity. An abnormal increase of apparent
barrier height and decrease of ideality factor with increasing temperature have been explained due to the
barrier height inhomogeneities on the basis of the thermionic emission theory with Gaussian distribution.
Experimental results reveal the existence of a single Gaussian distribution with apparent barrier height
value (%) of 1.091 eV and standard deviations (os) of 0.18 V. Richardson constant (A*) was obtained as 8.49
x 10”2 A.m=2K-2 from the In(Ip/T2) vs. q/KT plot, which is far from the calculated value of 5.6 x 105 A.m™2K"2,
The modified Richardson plotof In(lp/T?) - (q%0s2/2k?T?) gives ¢ye and A* values as 1.093 eV and 6.07 x 10°
A.m2K2, without using the temperature coefficient of the barrier height. This obtained value of A* is
extremely close to the previously calculated value. So, the temperature dependence of the forward bias I-V
characteristics of the Schottky device can be successfully explained on the basis of the thermionic emission
mechanism with a single Gaussian distribution of the barrier heights.
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