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Preface

In the 21st century, the release of dye-containing wastewater into water bodies, primarily
by textile industries, has emerged as a significant environmental concern, resulting in
diverse ecological issues. Advanced oxidation processes (AOPs), particularly photo-
induced catalytic decomposition, have gained prominence as an economical and
environmentally friendly approach to wastewater treatment. While metal oxides and
chalcogenides, like titanium dioxide (TiO2), zinc oxide (Zn0O), zinc sulphide (ZnS), zinc
telluride (ZnTe) and zinc selenide (ZnSe) have been employed for photocatalytic dye
degradation, their limitations, such as low surface-to-volume ratio and short lifetimes of
photo-generated electron-hole pairs, have led to the exploration of remedial techniques.
Two effective approaches identified include synthesizing graphene-based composites of
ZnTe and constructing a heterojunction microstructure of two different compound
semiconductors, i.e. ZnSe/ZnTe. All of our research works based on reduced graphene
oxide (RGO), zinc telluride (ZnTe) and zinc selenide (ZnSe), are compiled and organized
in this thesis into 7 chapters, each contributing to a deeper understanding of these

effective approaches.

Chapter 1 provides an overview of the properties and synthesis methods of graphene
since its 2004 discovery. The unique characteristics of graphene, its versatile role in
synthesizing inorganic nanocomposites, and its applications in wastewater management
are discussed. A comprehensive review of II-VI semiconductors, focusing on ZnSe, ZnTe,

and their graphene composites, is presented.

Chapter 2 introduces the theory of Schottky barrier formation, the fabrication
techniques of Schottky diodes, and their electrical study. The theoretical background of

impedance spectroscopy and positron annihilation spectroscopy is briefly outlined.

Chapter 3 is dedicated to the synthesis of reduced graphene oxide (RGO), zinc telluride
(ZnTe), and their composite (RGO-ZnTe); this chapter explores the fabrication of
Schottky barrier diodes using pristine ZnTe and RGO-ZnTe. A thorough analysis of charge
transfer properties and examination of metal-semiconductor interfaces via bias-
dependent impedance spectroscopy provide valuable insights into the development of

optoelectronic device applications.

[iii]



Chapter 4 investigates the influence of enhanced carrier mobility of reduced graphene
oxides on the photo-degradation of azo dyes. Current-voltage characteristics of ZnTe and
RGO-ZnTe Schottky devices, along with an analysis of charge transport parameters,
contribute to a nuanced understanding. The chapter extends to the simulated solar light-
induced photocatalytic performance of both materials in the degradation of azo dye
(RhB). A comprehensive analysis is presented to elucidate the role of carriers' mobility in
extending the photo-induced charge separation, thereby promoting efficient charge

transfer and enhancing the photo-degradation process.

Chapter 5 introduces the incorporation of ZnSe into ZnTe to enhance overall charge
separation, aiming for maximum efficiency in the catalytic degradation of the dyes. Unlike
the use of graphene oxides in previous chapters, this chapter explores the charge transfer
Kinetics in the ZnSe/ZnTe heterojunction structure. Furthermore, the chapter delves into
a detailed discussion on the dependency of morphology and surface area of hybrid
ZnSe/ZnTe catalysts on degradation efficiency. The study utilizes the spatial-charge-
limited conduction (SCLC) theory to extract the mobility of each catalyst, offering a
nuanced exploration of how charge carrier mobility influences photocatalytic
degradation efficiency. This unique interpretation goes beyond conventional
macroscopic parameters, emphasizing microscopic parameters like mobility and transit

time, crucial for comprehending the photocatalytic process.

Chapter 6 presents a concise analysis of Positron Annihilation Spectroscopy (PAS) and
contributes to a comprehensive understanding of the ZnSe/ZnTe heterostructures,
synthesized and applied in photocatalysis in Chapter 5. Using PAS, the elucidation of the
electron density and defect insights was made to correlate the outcomes we observed in

the preceding chapter.

Chapter 7 encapsulates the entire research, offering a succinct conclusion to the
undertaken research. This chapter also marks a pivotal moment as we look ahead to
future directions. Our focus shifts towards leveraging impedance spectroscopy (IS) and
capacitance-voltage (C-V) measurements to gain deeper insights into the electrical and

charge transport characteristics of the ZnSe/ZnTe-based Schottky devices.

[iv]
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1.1. Introduction

Every few years, a unique material with extraordinary properties emerges, capturing the
imagination of the global scientific community. In 2004, graphene, a sensational material,
was discovered, setting off waves of excitement in the research community [1-3].
Graphene's journey began with its separation in 2004, using the 'Scotch Tape' method,
developed by Geim and Novoselov [4]. Since then, the study highlighting its distinctive
physical, mechanical, and electrical properties, attributed to the m-conjugation extending
to long range, has led to an exponential acceleration in the exploration on this material
[5-7]. The number of publications on graphene and its applications became so
overwhelming that it exceeded 40 publications per day in 2013 [1]. Graphene, a 2-D
honeycomb-like structure with sp2?-hybridized carbon (C) atoms, serves as the
fundamental building block for all graphitic carbon forms [8]. While naturally supposed
to consist of a single layer sheet, there are also significant concerns in two-layer or few-
layer graphene. Graphene sheets can either be layered to form 3-D graphitic structures,
rolled or wrapped to obtain 1-dimensional nanotubes and zero-dimensional fullerenes,
respectively (Fig. 1.1). Over the last decade, graphene research has promised numerous
potential applications, ranging from longer-lasting batteries [9] and Schottky diodes [10]
to solar cells [11], preventive measures of corrosion [12], circuit boards [13], display

panels [14] and various advancements in medicinal technologies [15].

Fig. 1.1: Graphene: the parent of all graphitic forms: fullerene (bottom left); carbon nanotubes (CNT)
(bottom centre); and graphite (bottom right). (Adapted from Ref. [7])
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The natural compatibility of graphene with thin film processing facilitates its integration
within the framework of current semiconducting device technologies. Additionally, it is
easily scalable, exhibits minimal contact resistance when interfacing with commonly
used metals and can form rectifying junctions with several semiconductor materials.
Given these intriguing properties, the synthesis of graphene-inorganic semiconductor
nanocomposite materials has garnered significant attention [16]. Inorganic
semiconductors play a crucial role in optoelectronic and electrochemical device
applications, as well as in the exploration of micro- and nanoscale phenomena. Their
significance lies in investigating the dependence of device functional properties on the
size and dimensionality of particles. Inorganic semiconductors possess a low work
function, high mechanical stability, and a high aspect ratio, making their inherent
nanostructure exceptionally suitable for a broad range of applications in electronic
systems [17]. The primary motivation for incorporating graphene with inorganic
semiconductors has been to realize extensive integration of nano-electronic devices [18].
The introduction of graphene to inorganic semiconductors can prompt charge transport
in composite systems, a highly advantageous aspect for electronic devices. This thesis will
delve into the synthesis of graphene and its inorganic semiconducting nanocomposites,
providing detailed characterizations. The main emphasis will be on implementing the
synthesized graphene-based nanocomposites for the photocatalysis of azo dyes and

Schottky diode applications.

1.2. Discovery and Historical Overview of Graphene

Understanding the course of graphene research begins with recognizing graphene as the
minimal layer limit of graphite. Reports on progressively fewer layers of graphite had
been documented for years until a pivotal moment in 2004 when Geim and his colleagues
at Manchester University propelled graphene to prominence. In that breakthrough year,
they successfully isolated single-layer samples from graphite using the widely accepted
'Scotch Tape method' (Fig. 1.2) [19,20].

Graphite, a naturally occurring mineral known for nearly 500 years, gained
significance during the Middle Ages due to weak dispersion forces between its sheets and
its layered structure, making it ideal for manufacturing marking instruments. Its unique
properties, including high in-plane electrical conductivity (~104 Q-1cm'1) and thermal

conductivity (~3000 W/mK), have led to its diverse applications, such as electrodes and
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industrial blast furnaces [21,22]. The global demand for graphite exceeds 1 million tons

annually.

20 1wm

Fig. 1.2: The single (mono)-layer graphene, first discovered by Geim and his colleagues at Manchester
University. The image displays a few-layer graphene flakes, with enhanced optical contrast achieved
through an interference effect at a meticulously selected oxide thickness. (Adapted from Ref. [4])

1.3. Synthesis of Graphene

Various methodologies have been employed for the synthesis of graphene. The quest for
producing ultra-thin carbon films has been a longstanding endeavour employing diverse
techniques. Noteworthy historical milestones include the synthesis of graphite oxide in
the late 1850s by Brodie [23] and in 1898 by Staudenmaier [24]. The renowned Hummers
method, an independent synthesis of graphite oxide by W.S. Hummers in 1958 [25], has
gained widespread application. In 1962, reports surfaced on the synthesis of chemically
reduced graphene oxides [26]. A significant advancement came in 1975 when A.]. Van
Bommel et al. successfully produced monolayer graphene utilizing silicon carbide [27].
However, these early reports fell short in elucidating the distinctive properties of
graphene [1].

Mechanical exfoliation of layered compounds aimed to yield thin samples has also
been explored. In 1999, Ruoff’s group employed an atomic force microscope (AFM) tip
for manipulating tiny pillars into highly ordered pyrolytic graphite (HOPG) through
plasma etching [28]. Despite their efforts, the thinnest slab produced exceeded 200 nm,
equivalent to nearly 600 layers. Subsequently, Kim et al. enhanced this approach by
transferring pillars to a tipless cantilever and imprinting the slabs onto SiOz. This

improvement led to the achievement of slabs as thin as 10 nm, approximately equivalent
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Fig. 1.3: The inception of single-layer graphene through mechanical exfoliation. (a) Atomic force
microscopy displaying the substrate graphene step-height (<1 nm) and a folded step-height (0.4 nm)
(Adapted from Ref. [20]) (b) Transmission electron microscopy (TEM), capturing a free-standing graphene
film with etched underlying substrate (Adapted from Ref. [29]).

to ~30 layers [30]. In 2001, Enoki’s group in Tokyo utilized high temperatures (~ 1600
°C) to transform nano-diamonds into nanometer-sized graphene on HOPG [31]. Although
this technique was instrumental in generating thin samples, a significantly more
straightforward approach was introduced by Geim, Novoselov, and collaborators in 2004,
heralding a new era in graphene research. The technique dubbed the 'Scotch-Tape
method," pioneered by them, marked the first successful isolation of single-layer
graphene (Fig. 1.3). Geim and Novoselov received due recognition, being honoured with
the Nobel Prize in Physics (2010) for their pioneering contributions to the realm of two-

dimensional atomic physics [29].

1.3.1. Mechanical Exfoliation or Cleavage Method
The method involves utilizing commercially available Highly Oriented Pyrolytic Graphite
(HOPG) sheets as the initial material. It includes the repetitive cleaving of layers from a
graphite flake using common cellulose tape, which is applied onto a silicon substrate for
material deposition. However, the layers adhered to the tape tend to be thicker than a
single layer. Nevertheless, upon lifting the tape from the substrate, van der Waals's forces
to the substrate make it easier for a single sheet to delaminate. The skilful execution of
this technique can yield high-quality crystallites exceeding 100 um? in size, as illustrated
in Fig. 1.4.

Although mechanical exfoliation may result in a complex mixture of thick slabs,

making the identification of single layers challenging, the successful isolation of a single-
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layer graphene sheet through mechanical cleavage is an essentially serendipitous
occurrence. Despite its labour-intensive nature and the production of a limited amount
of graphene, this method offers the advantage of not requiring a specialized environment
or apparatus. The graphene obtained through mechanical exfoliation retains superior
electrical and mechanical properties due to the excellent grade of the initial single-crystal
graphite source [32]. Nevertheless, this technique is not ideal for large-scale graphene

synthesis, which is imperative for its diverse range of applications.

Graphite flakes

Fig. 1.4: ‘Scotch tape’ method. (Adapted from Ref. [33])

For large-scale synthesis, alternative methods such as ion implantation [34],
chemical-vapour deposition (CVD) [35,36], liquid-phase exfoliation [37,38], and epitaxial
growth on a silicon carbide substrate [39] have been proposed. Lee et al. reported that
graphene produced by CVD methods exhibited 90% of the theoretical strength of pristine
graphene [40]. However, these methods are less utilized compared to the alternative
method of exfoliating graphite oxide and then reducing it. Presently, one of the most
frequently employed methods for large-scale graphene synthesis is the so-called
'Hummers' method and its various modifications [25]. In this thesis, the modified
Hummers method has been employed for the synthesis of graphene, or more precisely,

reduced graphene oxide (RGO), presented separately in a subsequent section.

1.3.2. Epitaxial Growth

Graphene synthesis through epitaxial growth involves the reduction of silicon carbide

(SiC) at elevated temperatures. Historical reports indicated that subjecting either the C-
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face or the Si-face of 6H-SiC {(0001) and (00017)} surfaces to temperatures ranging from
1000 °C to 1500 °C in ultra-high vacuum (UHV) led to Si sublimation, resulting in a
carbon-rich surface [27]. The resulting graphene-like structures on the two polarized
surfaces can be adequately differentiated. Alternatively, utilizing an evacuated radio
frequency (RF) induction furnace instead of UHV for epitaxial growth on the C-face of 4H-
SiC has been demonstrated to enhance the quality of graphene-based films [18]. This
method can produce 4-13 layers of graphene within 5 to 8 minutes inside a furnace under
very low pressure (~ 3 x 10-> Torr). Controlling both the growth temperature and time
allows for tuning the thickness of the graphene film. The reported carrier mobility is
notably high, reaching up to 27,000 cm? V' s™*,and ~1000 cm?® V-* s™* for the overlapped
C-face graphene and the Si-face graphite films, respectively [40].

The epitaxial method's advantage lies in producing graphene films directly on the
SiC substrate without the need for a transfer process, making it beneficial for
semiconductor device fabrication. Despite differences in physical properties due to

interfacial effects, the method maintains graphene's properties to a considerable extent.

1.3.3. Chemical Vapour Deposition (CVD)

Chemical Vapour Deposition (CVD) was first used to successfully synthesise few-layer
graphene sheets, and this was accomplished in 2006 [41]. Camphor, a natural
hydrocarbon source, was utilized in the pyrolysis process on Ni substrates to produce
graphene films, which, however, tended to fold, with a minimum layer count of 20. Recent
developments have affirmed the reproducibility of graphene growth using CVD. Several
studies highlight CVD as the most promising technique for the large scale fabrication of
graphene. Notably, during CVD growth, graphene doping becomes feasible by introducing
specific gases, such as NHs [42]. Furthermore, the incorporation of plasma in CVD
processes enables a reduction in the growth temperature. Under these conditions, the
plasma sheath influences the electric field direction, leading to the vertical growth of
graphene onto the substrate. This innovative technique for large-scale freestanding few-

layer graphene synthesis is recognized as plasma-enhanced CVD (PECVD).

1.3.4. Chemical Derivation

In 1958, Hummers and Offeman introduced a method for the preparation of graphite

oxide involving the treatment of graphite with an anhydrous mixture of H2SO4, NaNOs,
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and KMnO4 at temperatures below 45 °C for 2 hours. This process leads to the
intercalation of graphitic sheets, which, upon thermal expansion, can be decomposed to
yield few-layer or even single-layer graphene. Subsequent ultrasonic treatment further
facilitates the splitting of graphite oxide into individual layers. The introduced phenol,
carbonyl, and epoxy groups during oxidative intercalation enhance the colloidal stability
of the resulting graphite oxide suspension [32]. However, the electronic properties of
graphene obtained through this chemical method differ from those obtained through
mechanical exfoliation. While mechanically exfoliated graphene layers exhibit
semimetallic properties, the electronic structure of graphene oxide (GO) from the
chemical method appears to be semiconductive due to structural defects. Consequently,
chemical reduction of GO, typically using hydrazine (N2H4) [43] or sodium borohydrate
(NaBH4) [44,45], is necessary to reinstate the pertinent properties of graphene. The
reduced material is termed reduced graphene oxide (RGO), and its brown-coloured
dispersion in water turns black. Despite becoming less hydrophilic after reduction,
complete elimination of oxygen atoms, and thus complete chemical reduction, is not
feasible. Therefore, the resulting product remains a transitional state between graphene
and GO. X-ray photoelectron spectroscopy (XPS) reveals that chemically reducing GO
through hydrazine or thermal annealing (up to 1100 °C) does not fully regenerate the
exact structures of graphene [Fig. 1.5 (a-d)]. Reduction by NaBH4, on the other hand, leads
to the presence of residual hydroxyl functional groups [Fig. 1.5 (e-j)]. When the original
graphene structure is crucial, chemical derivation is not considered a viable synthesis
technique, and physical exfoliation should be pursued. However, RGO synthesis, despite
its inherent simplicity and reasonable properties, results in an intermediate state
between graphene and GO. The conductivity and transparency of RGO thin films make it
a promising component for future applications as a transparent conductor [46,47].
Chemical exfoliation, while simple and lacking complicated synthesis conditions, is not
without defects. Nevertheless, it yields good final product yields, and RGO could be stored
in a water-based solution or as a powder after drying, facilitating the handling of
graphene sheets or amorphous graphene flakes as a matrix for inorganic semiconductors.
In the present thesis work, chemical derivation has been chosen for the synthesis of

reduced graphene oxide.
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Fig. 1.5: X-ray photoelectron spectroscopy (XPS) reveals the impact of various reduction treatments on
graphene oxide (GO). Images a-d show deconvoluted results indicating the presence of C-C, C-N, C-0 and
C=0 species; approximately at B.E. of 284.8, 285.7, 286.2 and 287.8 eV respectively, with the percentage of
deoxidized carbon (C-C, ~284.5 eV). (a) Non-reduced. (b) Hydrazine-vapour-treated. (c) Hydrazine vapour
and annealed at 400 °C. (d) Thermal annealing in a vacuum (1100 °C). The C-N signal observed in images
b and c indicates the formation of hydrazone groups resulting from hydrazine treatment. The presence of
an F signal at around 292 eV in image (c), is attributed to contamination from the vacuum system. (e) C 1s
peak of graphene oxide. (f-i) Reduced graphene oxide (RGO) was synthesized using sodium borohydride
(NaBH4) concentrations of (f) 15 mM (g) 50 mM and (h) 150 mM and (i) graphite. The curves were fitted
considering C=C (peak-1), C-C (peak-2), C-0/C-0-C (hydroxyl and epoxy groups, peak-3), C=0 (carbonyl
groups, peak-4), 0-C=0 (carboxyl groups, peak-5) and n-m* (peak-6) species. (j) B 1s peak in the XPS
spectra of RGO originated from 15 mM NaBHa4. (Images a-d and e-j reprinted from Ref. [48] and [44]
respectively).

1.3.5. Alternative Methods

An alternative method of achieving physical exfoliation for the production of graphene
sheets involves treating graphite dispersions in a suitable liquid solution through
ultrasonication. Hernandez et al. were the first to document the exfoliation of graphene
sheets by dispersing graphite into N-methyl pyrrolidone (NMP) [49]. Additionally,

natural graphite crystals can be dispersed in dimethylformamide (DMF) and
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subsequently exfoliated by sonication, resulting in a suspension of thin graphitic platelets
comprising single-layer graphene flakes [50]. Despite the abundance of graphene flakes
in such a suspension, centrifugation is employed to eliminate large, thick flakes, leaving a
well-dispersed mixture of graphene and a few-layer graphite in the remaining
suspension.

The resulting graphene from this method exhibits similarities to products derived
through chemical methods. However, omitting the oxidation step in the liquid-phase
exfoliation ensures that the product does not incur defect-induced limitations or
degradation of electrical properties. To obtain dry graphene through this process,
graphene suspensions must be deposited onto a solid substrate with the assistance of
thermal treatment. Alternatively, liquid-phase exfoliation can be performed in water,
necessitating the incorporation of effective surfactants like sodium dodecylbenzene
sulfonate (SDBS). These surfactants can be adsorbed onto individual single-layer
graphene sheets, preventing aggregation and stabilizing the dispersion. However,
drawbacks include the cost of the solvent and the tendency of individual sheets to
overlap.

Another method for producing functionalized graphene sheets involves the
thermal expansion of graphite oxide [16]. This method shares similarities with the
Hummers method, beginning with the treatment of natural graphite flakes in an oxidizing
solution of H2S04, HNO3, and KClOs. After the reaction is complete, the resulting material
is mixed with excess water, washed with HCI, and subsequently rinsed multiple times
with water until the pH of the filtrate reaches neutral. For successful production of single-
layer graphene via this method, the graphite must be completely oxidized and heated to
an exceedingly high temperature. The heating process causes graphite oxide to

decompose into individual sheets by releasing CO2.

1.4. Properties of Graphene

Since the inception of the graphene revolution, extensive research has been conducted to
explore the unique physical properties of this material. Early findings revealed an
exceptionally high carrier mobility for graphene within the range of 2000-5000 cm?2/Vs
[20]. Subsequent advancements have demonstrated that under optimal conditions,
suspended graphene solutions can exhibit charge carrier mobility of up to 230,000

cm?/Vs [32,51,52]. This remarkable electron-transport capability positions graphene
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prominently for applications such as field-effect transistors (FETs). By 2010, there were
reports of graphene FETs operating at a frequency of 100 GHz, and more recent studies
suggest operability at frequencies as high as terahertz (THz) [53].

Graphene's exceptional optical transparency, reaching up to 97.7% [19], further
enhances its potential applications, particularly as transparent electrodes in solar cells
[54] and in advanced technologies like holographic data storage [55]. Beyond these
attributes, graphene boasts a high Young’s modulus exceeding ~1 TPa, ensuring superior
mechanical properties [56]. Additionally, it exhibits an excellent thermal conductivity
approaching 5000 Wm-1K-1 [57] and an extraordinarily large specific surface area of 2630
m2g-1 [58]. Although a comprehensive examination of these properties is beyond the
scope of this discussion, interested readers can refer to the provided references for

detailed analyses.

1.5. Group II-VI Semiconductors

Group II-VI compound semiconductors, particularly binary chalcogenides, represent a
vital class of materials in the realm of semiconductor physics and technology. These
compounds are composed of elements from Group II (such as zinc, cadmium, and
mercury) and Group VI (including sulfur, selenium, and tellurium) of the periodic table.
Notable examples of binary chalcogenides include zinc sulfide (ZnS), zinc selenide (ZnSe),
zinc telluride (ZnTe), cadmium sulfide (CdS), cadmium selenide (CdSe), and cadmium
telluride (CdTe). These compounds exhibit remarkable optical, electrical, and structural
properties, making them indispensable for various applications ranging from
optoelectronic devices to photovoltaics.

One of the distinguishing features of II-VI compound semiconductors is their
tunable bandgap, which can be tailored by adjusting the stoichiometry or composition of
the material. This property enables the design and fabrication of semiconductor devices
with specific optical and electronic characteristics. For instance, cadmium-based
compounds like CdS and CdSe are well-known for their wide bandgaps, making them
suitable for blue and green light-emitting diodes (LEDs), while zinc-based compounds
like ZnSe and ZnTe with narrower bandgaps are preferred for infrared applications.
Moreover, the excellent optical transparency of these materials in the visible and near-
infrared regions further enhances their utility in various optical and photonic devices. In

addition to their optical properties, II-VI compound semiconductors exhibit favourable
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electrical characteristics, including fast response time, high carrier mobility and low trap
densities. These attributes make them ideal candidates for electronic devices such as field
effect transistors (FETSs), solar cells, and photodetectors. Furthermore, the ability to form
heterostructures and alloys with other semiconductors expands the range of applications
and enables the development of advanced device architectures with enhanced
performance.

The fabrication of II-VI compound semiconductors often involves methods such as
molecular beam epitaxy (MBE), chemical-vapour deposition (CVD), and solution-based
methods like hydrothermal synthesis. These methods allow for precise control over the
growth parameters, resulting in materials with tailored properties and high crystalline
quality. Additionally, advances in nanotechnology have led to the synthesis of II-VI
semiconductor nanostructures, including quantum dots, nanowires, and thin films,
offering new opportunities for device miniaturization and integration. Overall, II-VI
compound semiconductors, particularly binary chalcogenides, play a crucial role in
modern semiconductor technology due to their versatile properties and wide-ranging
applications. Ongoing research in this field aims to further explore their potential for
next-generation electronic and optoelectronic devices, as well as their integration into

emerging technologies such as quantum computing and sensing platforms.

1.5.1. Zinc Telluride (ZnTe)

Zinc telluride (ZnTe) stands out as a highly promising semiconductor within the II-VI
group (Zn, Cd, Hg, S, Se, and Te), drawing considerable attention for its outstanding light
absorbance and superior thermal and optoelectronic properties. With a narrow bandgap
ranging approximately from 2.23 eV to 2.30 eV and a Bohr exciton radius of ~6.2 nm,
ZnTe facilitates enhanced visible light absorption and the formation of p-n
heterostructures with other semiconductor materials [59,60]. The increasing
significance of II-VI semiconductors in applications related to the photovoltaic
conversion of solar energy can be attributed to their notable absorption coefficients and
cost-effectiveness. Operating as a p-type semiconductor, ZnTe serves as a key driver for
interfacial electron transfer, showcasing promising applications in various domains,
including photocatalysis, solid-state devices, photodetectors, green light-emitting diodes,
and solar cells. The narrow bandgap not only ensures efficient visible light absorption but

also facilitates effective electron-hole separation, positioning ZnTe as a prospective
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photocatalyst extensively investigated for its potential to enhance photocatalytic activity

[61].

1.5.2. Zinc Selenide (ZnSe)

Zinc selenide (ZnSe), another semiconductor material within the group II-VI category, has
garnered increased attention in recent years owing to its remarkable chemical stability,
rendering it highly applicable across diverse industrial sectors. With a suitable direct
band gap (2.67-2.7 eV), a significant exciton B.E. (22 meV), high transparency spanning
range (0.5-22 pum), and a diminutive exciton Bohr diameter (9 nm), ZnSe possesses
superior properties. Its potential applications encompass light-emitting diodes,
especially the blue ones, infrared (IR) optical devices, photodetectors and solar cells,
positioning it as a promising candidate for industrial production and a potential
substitute for toxic materials [62]. Demonstrating nonlinear optical properties, ZnSe is
suitable for applications in optoelectronic and visible light communication technologies,
as well as photocatalytic processes. Notably, ZnSe films have exhibited a substantial
increase in photocurrent under UV irradiation in recent investigations. Beyond its
primary applications, ZnSe holds promise in various roles, including windows, lenses,
output couplers, beam expanders, and optically controlled switching, leveraging its low
absorptivity at infrared wavelengths, visible transmission, and remarkable
photosensitivity. Diverse nanostructures of ZnSe, ranging from nanoparticles to intricate
hierarchical structures, have been successfully fabricated using various methods. The
unique properties and versatile applications of ZnSe in semiconductor research
underscore its significance and potential contributions to advancements in

optoelectronics, nanotechnology, and industrial processes [63].

1.6. Graphene-based Inorganic Composites

As previously discussed, graphene and its inorganic nanocomposites hold significant
promise for electronic devices. However, despite graphene's remarkable properties,
challenges arose concerning its electrical and optical characteristics in the context of
high-speed electronic applications, primarily due to the missing of any bandgap.
Graphene, inherently exhibiting a zero bandgap semiconductor with charge conjugation

symmetry between electrons and holes, as well as carriers possessing a chirality-like
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internal degree of freedom akin to ultra-relativistic elementary particles, encountered
limitations in this regard [64].

To address these challenges, researchers recognized that combining graphene
nano-sheets with certain inorganic semiconductors could alleviate or eliminate the zero-
gap shortcomings. Strategies such as size constrictions and strain-induced curvature
were employed to induce an electronic band gap in graphene. Subsequently, it was
determined that attaching nanoscale inorganic semiconductors could achieve this
purpose effectively [65,66]. While numerous inorganic semiconductors have
demonstrated compatibility with graphene to form composites, the synthesis procedure
of graphene plays a crucial role, leading to significant variations in the compatibility of
graphene with different inorganic semiconducting materials. Consequently, the optical
and electrical properties of the resulting composites undergo substantial changes.

Graphene exerts a profound influence on the charge transport properties of these
composite materials. In typical inorganic semiconductors, light irradiation activates
charge carriers. The ensuing electronic interactions between graphene and the
semiconductor facilitate smooth charge separation and their transport. Graphene, acting
as the electron conductor, hinders the rapid recombination of electrons and holes in the
composite. Leveraging these advantages, hybrid graphene-inorganic semiconductor
materials have emerged as highly appealing options for applications in optoelectronics,
electrochemistry, and photochemistry, thereby potentially revolutionizing the
electronics and composite industries.

The band gap energy of semiconductor materials, such as quantum dots, is
intricately linked to particle size; as the particle size decreases, the band gap increases
due to quantum confinement effects [67,68]. This phenomenon is evident in many group
[I-VI semiconductors like ZnO, ZnS, CdS, ZnSe and ZnTe, where changes in quantum dot
size lead to a shift in the absorption threshold [69]. The distinctive optical and electronic
properties stemming from quantum confinement make group II-VI semiconductors, such
as ZnSe and ZnTe, promising candidates for a range of applications. However, their
potential is hindered by the zero-bandgap nature of graphene [16]. Consequently, hybrid
structures combining group I[I-VI semiconductors with graphene have been explored to
harness synergistic advantages, demonstrating improved performance compared to

individual materials.
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This thesis primarily focuses on the synthesis, characterizations, optimizations and
practical applications of the reduced graphene oxide-zinc telluride (RGO-ZnTe), with the
addition of the zinc selenide-zinc telluride (ZnSe-ZnTe) heterojunction microstructures.
Their application in thin film Schottky barrier diodes is explored, emphasizing the impact
of graphene on the photoresponse and charge transport properties of the inorganic

semiconductors.

1.6.1. Zinc Telluride (ZnTe) and Graphene Oxide

Zinc Telluride (ZnTe), a narrow band gap semiconductor (2.26-2.4 eV) is synergized with
graphene oxide (GO) to form composite materials with enhanced charge mobility and
optical responsiveness. The integration of ZnTe and GO leverages the semiconducting
nature of ZnTe and the versatile properties of GO, resulting in hybrid structures that
exhibit superior electrical conductivity, physical and thermal stability, and optical
properties. With the rapid generation of the e-h* pairs upon photo-excitation and
favourable energy band positions, ZnTe nanoparticles decorated with graphene present
enhanced performances in dye degradations. Ongoing research endeavours seek to
further understand the synergistic behaviour of ZnTe and GO in the realm of advanced

materials for contemporary physics applications.

1.7. Synthesis of Graphene-based Composites

The synthesis of nanomaterials stands as a pivotal aspect of contemporary nanoscience
and technology, leading to a surge in publications addressing nanoparticle synthesis.
Various synthetic strategies have been employed to produce nanoparticles of diverse
inorganic materials, with a focus on selectively preparing particles of different
dimensionalities and shapes. Several methods, such as micro-emulsions, thermal
decomposition, hydrothermal and solvothermal synthesis, sol-gel technique, phase-
transfer method, microwave synthesis, and utilization of the liquid-liquid interface, have
been utilized for the synthesis of inorganic nanoparticles [2]. In this thesis, the
hydrothermal and solvothermal methods are adopted for the synthesis of inorganic
nanoparticles and graphene nanocomposites, with a specific focus on the hydrothermal
method.

Hydrothermal-solvothermal synthesis, conducted under high-pressure

conditions, is a widely employed technique for inorganic nanoparticle synthesis.
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Hydrothermal synthesis occurs in hot water, whereas solvothermal processes take place
in a non-aqueous precursor solution within an autoclave. This method capitalizes on the
altered solubility and reactivity of reactants in high-temperature, high-pressure solvent
environments. The heightened reactivity enables the synthesis of inorganic
nanomaterials at significantly lower temperatures than those required in solid-state
reactions. Variables such as pressure, temperature, time, reactant’s concentration,
reaction-cell fill volume, and pH can be adjusted to control nucleation, growth and
particle size distribution. Hydrothermal or solvothermal synthesis has been applied to

various inorganic materials, including metals, oxides, chalcogenides, pnictides, and more.
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Fig. 1.6: Schematic diagram of the autoclave used in solvothermal /hydrothermal synthesis (Adapted
from Ref. [70]).

In this work, the hydrothermal method is employed for producing inorganic
nanoparticles and consequently, their graphene composites. Introducing graphene oxide
(GO) to hydrothermal reactions aimed at synthesizing inorganic semiconductors leads to

the concurrent formation of semiconductor nanomaterials and the reduction of GO.

1.7.1. Hydrothermal Method

The hydrothermal method, employed as a bulk growth technique, operates within a
closed system to synthesize desired compounds under elevated temperatures (above
100°C) and pressures (above 1 atm). This method entails both physical and chemical
processes occurring within a water solution where the desired materials are typically

insoluble. The properties of resulting II-VI binary, ternary, or quaternary compounds are
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influenced by factors such as the medium's pH, duration of the process, growth
temperature, and pressure within the closed system. The hydrothermal process is
conducted within an autoclave, a reaction vessel specifically designed to withstand the
harsh conditions of high temperature and pressure. Autoclave materials, often lined with
Teflon to prevent corrosion, are carefully selected to ensure durability. Fig. 1.6 depicts a

Teflon-lined steel autoclave for the hydrothermal techniques.

Aaﬁustl'ng the pH value with HCI
———

Hy dmthermal
Reactmn

M'agnetmall\ stirring Heat tr

2 hours 160 °C 18h

(Zn + Te + NaOH

+ DI water)
ZnTe Drying Washing m Centrifugation
o | | G3) —

Fig. 1.7: A typical flowchart of the hydrothermal method for ZnTe preparation (Adapted from Ref. [73]).

Nanoparticles of various compounds can be synthesized directly through
hydrolysis reactions within the autoclave at elevated temperatures. Alternatively,
hydrothermal treatment can be applied to products obtained from solution reactions at
ambient conditions. This method offers several advantages, including precise control
over oxidation and simplified synthesis of oxidized compounds, particularly transition-
metal compounds, due to the use of a closed system [71]. Additionally, resultant products
exhibit lower dislocation density owing to reduced thermal strain. The hydrothermal
process enables the synthesis of a wide range of materials, including piezoelectric,
magnetic, optic, and ceramic materials, on a large scale with high purity. Furthermore,
this environmentally friendly method does not require seeds, catalysts, or expensive
surfactants, making it a cost-effective and widely accepted technique in the scientific
community for synthesizing binary II-VI compounds [72]. Fig. 1.7 depicts a typical flow
diagram of the synthesis of ZnTe NPs by the hydrothermal method.
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1.8. Application of Graphene and its Composites

The proliferation of academic publications related to graphene has witnessed a
significant surge since 2004, highlighting pivotal milestones and the escalating trend in
graphene research publications [1]. Diverse types of graphene, synthesized through
various methods, offer distinct advantages for a broad spectrum of applications,
contingent upon their inherent properties. Fig. 1.8 delineates diverse applications of
graphene and graphene-based composites, showcasing a spectrum of potential
technologies. The subsequent section will succinctly expound on the practical

applications of graphene and its nanocomposites.
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Fig. 1.8: Schematic representation of diverse applications of graphene and graphene oxide-based
composite materials (Adapted from Ref. [74]).

1.8.1. High-speed Electronics

Graphene's exceptionally high conductivity renders it an ideal candidate for high-speed
electronics. Despite this merit, the widespread commercial implementation of graphene
in electronic devices faces limitations because of its zero band-gap. The necessity of a
band-gap for 'on and off' states in electronic devices becomes evident. Recent studies
have unveiled that the absence of a band-gap in bilayer graphene stems from the twisting
of the graphene sheet [75]. Nevertheless, researchers have successfully developed ultra-
thin graphene transistors [76]. Notably, a self-aligning Co2Si-Al203 nanowire has been
employed as a gate in graphene transistors, preventing device degradation and

demonstrating high operational frequencies of 100-300 GHz [77]. This progress
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underscores the rapid advancement of graphene research, hinting at the potential

emergence of high-speed graphene transistors in consumer electronics in the near future.

1.8.2. Solar Cells

Graphene finds application in solar cells, a domain crucial for the future. The prevalent
use of platinum-based electrodes in current solar cell technologies encounters dual
challenges: the limited supply of platinum for creating a planet's worth of solar cells and
the associated high costs. Graphene, serving as an excellent conductor, presents
substantial potential as an electrode, promising cost and weight reduction. This potential
is demonstrated by Wang et al. [11], who fabricated a dye-sensitized solar cell with a
graphene electrode at a fraction of the cost compared to a platinum-based counterpart.
The efficiency of this graphene-based cell reached 7.8%, merely 0.2% less than its
platinum-based counterpart. While large-scale commercial applications remain a
prospect, any contribution to green energy is highly anticipated. Graphene
nanocomposites, such as Graphene-CdS and Graphene-TiO2, exhibit promise for
enhancing solar cell performance [83,84]. Constant research endeavours in graphene

solar cells indicate a promising future [85,86].

1.8.3. Data Storage

The imperative task of augmenting the capacity and diminishing the size of data storage
devices has received comparatively less attention in the realm of graphene research.
Nonetheless, noteworthy breakthroughs have been achieved, including reports on ITO
electrodes modified with polymers and GO for non-volatile memory device applications
[78]. Devices based on graphene oxide have subsequently exhibited data capacities of 0.2
Tbits/cm3, approximately ten times the storage capacity of 16 GB USB flash drives [56].
Given the escalating demand for large data storage capacity, focusing graphene research
on enhancing storage capacity could potentially lead to the replacement of existing solid-
state technologies. The prospect of storing a terabyte on a USB flash drive-sized device,

while keeping costs minimal, may soon become a reality.

1.8.4. LCD Smart Windows and OLED Displays
The technology underlying Liquid Crystal Display (LCD) Smart Windows involves a layer
of liquid crystals positioned between two flexible electrodes, which typically consist of a

flexible polymer and graphene. Additionally, graphene serves as a flexible organic light-
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emitting diode (OLED) counter electrode. Current OLED technologies utilize ITO counter
electrodes, which, being scarce and fragile, pose challenges [79]. In contrast, graphene,
with its abundant supply and flexibility, holds a distinct advantage. OLED devices,
potentially marking the commercial debut of graphene applications, have garnered
interest from multinational companies such as Samsung. This technology opens avenues
for flexible touch screens in mobile and tablet devices. The ongoing robust research
suggests a future where curved screens become a standard feature in mobile phones,
even extending to flexible three-dimensional displays, a concept inconceivable a decade

ago.

1.8.5. Supercapacitors

Supercapacitors, distinguished by their ability to deliver significantly higher currents
compared to regular capacitors, favour materials with high internal surface areas.
Graphene, with an internal surface area of 2630 m2g'l, emerges as a logical choice. In
2010, Liu et al. reported record-breaking capacitive storage by a graphene
supercapacitor [80]. Despite extensive efforts in developing graphene-based
supercapacitors [81,82], these technologies are not yet readily available. Nevertheless,
they hold promise as green energy solutions for electronic cars, trains, and potentially

aeroplanes.

1.8.6. Schottky Barrier Diodes

Schottky diodes serve as integral electronic components in modern technology, forming
the foundation of various applications, including solar cells, photodetectors, clamped
transistors, metal-semiconductor field-effect transistors (MESFETSs), high electron-
mobility transistors (HEMTs), microwave mixers, RF attenuators, rectifiers, varactors,
Zener diodes and several integrated circuits [87]. Enhancing the performance of Schottky
junctions holds the potential to elevate the performance of these devices. Schottky
barriers, established in metal-semiconductor junctions, traditionally utilize metals such
as aluminium, silver, gold, or platinum. Leveraging the semi-metallic properties of
graphene, it can replace current metals in Schottky diode fabrication. Indeed, reports
underscore extremely promising performance for Schottky diodes with graphene
electrodes [10,88,89]. In addition to serving as a metal electrode in the Schottky barrier,

graphene-inorganic nanocomposites, such as graphene oxide-Fe30s4 and reduced
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graphene oxide-ZnTe, have demonstrated promising results in Schottky diodes [90-92].
Despite these advancements, there remains room for improvement and further
exploration of the application of graphene-inorganic semiconductor nanocomposites in
Schottky diodes, presenting opportunities for diverse future technologies. As expounded
earlier, this thesis centres on the synthesis of graphene-inorganic semiconductors and
their application in a Schottky barrier diode, setting the stage for the subsequent

discussion on the theory and configuration of a Schottky barrier diode.

1.8.7. Photocatalysis and Wastewater Treatment

Graphene and its composites have emerged as promising materials for various
applications, including photocatalysis and wastewater treatment. Their distinctive
properties, including large surface area and exceptional electrical conductivity, render
them attractive candidates for addressing environmental challenges. In photocatalysis,
graphene-based materials serve as efficient catalysts for promoting chemical reactions
under light irradiation. By combining graphene with semiconductor photocatalysts like
TiOz, ZnO, CdS, the photocatalytic activity can be significantly enhanced due to improved
light absorption and charge carrier separation. Furthermore, graphene composites offer
enhanced stability and recyclability, making them suitable for practical applications in
wastewater treatment. The incorporation of graphene into membranes or adsorbents
facilitates the removal of pollutants from water by adsorption or photocatalytic
degradation. Moreover, graphene-based materials exhibit excellent antibacterial
properties, further enhancing their effectiveness in wastewater disinfection. Overall, the
application of graphene and its composites in photocatalysis and wastewater treatment
holds great promise for addressing environmental pollution and promoting sustainable
water management practices. Ongoing research in this field aims to optimize the
synthesis methods, explore novel composite materials, and scale up the production for

practical implementation in real-world applications.
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2.1. Introduction of Schottky Barrier Diodes (SBD)

In the year 1874, Braun revealed first time the systematic analysis of conduction between
metal and semiconductor (lead sulfide) [1]. By 1904, point-contact rectifiers in various
configurations had begun to find practical applications. Based on the band theory of
solids, Wilson developed the transport theory for semiconductors in 1931 [2], which was
later applied to metal-semiconductor contacts. But, in 1931 Walter Hans Schottky
noticed the formation of a potential barrier between the metal-semiconductor contacts
[3]. In 1938, Schottky and Mott proposed a model to quantify the shape of the barrier and
the barrier height [4,5]. These metal-semiconductor diodes were not effectively imitated
or precisely dependable and were replaced by the p-n junction during the 1950s.
However, semiconductor and vacuum technology is currently used to create reproducible

and reliable metal-semiconductor contacts.

2.1.1. Energy-Band Relation

The interfacial contact between a metal and a semiconductor can lead to two distinct
devices: the Ohmic junction or the Schottky (rectifying) junction. This outcome depends
on the type of semiconductor (n-type or p-type) and the relative positions of the Fermi
level in both the metal and semiconductor. For an n-type semiconductor, the contact is
said to be rectifying only if its work function (¢s) is less than the metal work function (¢m),
i.e., if ¢s <dm. Conversely, if ¢ps>¢m, the metal-n-type semiconductor contact is Ohmic. The
situation is reversed for p-type semiconductors. A metal-p-type semiconductor contact
will be rectifying if ¢s >¢m and non-rectifying if ¢s <¢m. The subsequent section will delve
into the formation of Schottky junctions.

When a metal establishes contact with a semiconductor, a potential barrier is
created at the metal-semiconductor (MS) interface. This kind of barrier forms when the
charges separate at the interface, leading to the formation of a high-resistance region in
the semiconductor, depleted of mobile carriers. Schottky and Mott presented the initial
model to elucidate the barrier height. The process of barrier formation is depicted in the
energy band diagrams in Fig. 2.1. In Fig. 2.1(a), the band diagram illustrates a metal and
an n-type semiconductor with work functions ¢m and ¢s, respectively, where ¢s<¢m and
the vacuum level serves as the reference point. The work function of the semiconductor

undergoes variation due to the fluctuation in the Fermi level caused by doping.
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Nevertheless, the electron affinity xs of a semiconductor remains unaffected by doping.
Both the work functions and the electron affinity are measured and denoted in units of

electron volts (eV).

METAL SEMICONDUCTOR
SN ——— NS N —
N qV;=(PmPs)
-
~————fea
*e
® Bs
m Bm
Ec  |xk----- -
O S —— EF

ik

(a)

Fig. 2.1: Energy band diagrams depicting the contact of a metal with an n-type semiconductor, where
Om>s. Neutral materials when (a) they are separate from one another and (b) in the thermal equilibrium
after the contact formation. (Adapted from Ref. [6])

The energy band diagram, shown in Fig. 2.1(b), represents the equilibrium state
after the metal-semiconductor (MS) contact has been established. Upon intimate contact,
electrons from the CB of the semiconductor, possessing higher energy than the metal
electrons, migrate into the metal until the Fermi levels on both sides align. Consequently,
the free electron concentration near the boundary decreases, leading to an increased
separation between the CB edge (Ec) and the Fermi level (Er), causing Ec to bend upwards
[Fig. 2.1(b)]. This electron transfer results in a positive charge of ionized donors left in
the semiconductor region, depleting it of mobile electrons. Simultaneously, a narrow
layer of negative charge forms on the metal region, creating an electric field aligning from
the semiconductor region to the metal. As the band gap of the semiconductor remains
unchanged upon metal contact, the valence band (VB) edge (Ev) moves up parallel to Ec.
The vacuum level in the semiconductor undergoes similar variations as Ec, gradually
approaching the metal's vacuum level to maintain continuity. The degree of band bending

equals the gap between the two vacuum levels, equivalent to the distance between the
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two work functions qVi = (¢m - ¢s), where Vi is the contact potential difference or built-in
potential of the junction. An electron transitioning from the semiconductor to the metal
must cross a potential barrier of qVi. However, when viewed from the metal region to the

semiconductor, the barrier value changes and is given by:

b =P — X (2.1)
Considering,

¢ =15+, (2.2)
the barrier becomes,

g =0V, +¢, (2.3)

where ¢n=(Ec - Er) and q represents the electronic charge. Here, Eq. 2.1 was formulated
by Schottky and independently by Mott, referred to as the Schottky limit. The rectifying

nature of the MS contact will be explored in the following section.

METAL SEMICONDUCTOR

"

Fig. 2.2: Energy band diagrams of the rectifying contact with a metal and a n-type semiconductor. (a) the
thermal equilibrium, (b) the forward bias and (c) the reverse bias condition.
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The energy band diagram of the MS contact at thermal equilibrium is depicted in
Fig. 2.2. In this state, the rate at which electrons traverse the barrier from the
semiconductor to the metal is counterbalanced by the rate at which they travel across the
barrier from the metal to the semiconductor, resulting in no net current flow. The
semiconductor becomes negatively biased relative to the metal by a voltage V=VF, causing
the width of the depletion region to decrease. Consequently, the voltage across this region
reduces from Vi to (Vi-Vr), as displayed in Fig. 2.2(b). Electrons in the semiconductor
region encounter a reduced barrier, leading to an increased electron flow from the
semiconductor towards the metal compared to the thermal equilibrium value. However,
¢s remains unaffected by the bias voltage. Consequently, the electron flux from the metal
to the semiconductor does not change from equilibrium. Therefore, when a negative bias
is applied to the semiconductor, there is a net movement of electrons from the
semiconductor to the metal, resulting in a current in the direction from the metal to the
semiconductor. This polarity causes the junction to be forward-biased and the current
rises exponentially with the applied voltage Vr. Fig. 2.2(c) illustrates the energy band
diagram for a reverse-biased contact. Further, when a positive bias is applied to the
semiconductor relative to the metal (V=-Vg), the potential drop over the depletion region
increases to (Vi +VR). As a result, the electron flow from the semiconductor to the metal
decreases below the equilibrium value, while the flow from the metal region remains
unaltered. This causes a current flow in the opposite direction (i.e., from the
semiconductor to the metal) which is typically smaller than the forward current and thus,
the metal-semiconductor (MS) contact behaves as a rectifying junction.

The preceding description pertains exclusively to n-type semiconductors, where
¢s<dm. The energy band diagrams for an n-type semiconductor with ¢m<¢s are illustrated
in Fig. 2.3. In Fig. 2.3(a), the energy bands illustrate the state of the materials when they
are separated. Following the contact, electrons migrate from the metal into the CB of the
semiconductor, resulting in a positive charge on the metal and electrons accumulate in
the semiconductor region at the interface. Upon reaching equilibrium, the Fermi level in
the semiconductor rises by (¢s-¢m) as depicted in Fig. 2.3(b). The charge in the
accumulated region of the semiconductor is localized within the thickness approximately

equivalent to the Debye length, effectively forming a surface charge.
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Fig. 2.3: Energy band diagrams for metal contact on an n-type semiconductor where ¢m<@s: (a) Neutral
materials when they are separate from one another; (b) Contact at thermal equilibrium; (c) Negative bias
and (d) Positive bias on the semiconductor.

Due to the high concentration of electrons in the metal, the positive charge on the metal
region also constitutes a surface charge within a small distance (~0.5 A) at the MS
interface. Thus there is neither a depletion region nor a potential barrier to prevent
electrons from migrating from the semiconductor towards the metal or vice versa.

The electron concentration in the vicinity of the interface increases, and the bulk
semiconductor region attains the highest resistance in the system. Almost all of the
externally applied voltage is distributed across the bulk region, as depicted in Fig. 2.3(c)
and Fig. 2.3(d) for the two current flowing directions. It is evident that the current is
governed by the bulk-region resistance and remains unaffected by the direction of the
applied bias. This type of non-rectifying contact is commonly known as an Ohmic contact.

For n-type semiconductors, an MS contact is known to be rectifying if ¢m>¢s and is
non-rectifying if ¢m<¢s. Conversely, for a metal-p-type semiconductor contact, the
opposite phenomena occur. When ¢m<¢s, the energy band diagrams for separate

materials are depicted in Fig. 2.4(a). After the contact, electrons flow from the metal into



36 | Schottky Barrier Diodes: Theoretical...

METAL SEMICONDUCTOR
e e
A
Pm &, i
Ec
Ef - 747
7/
s E
/ el
/f’/ LI

{a) (b)

Fig. 2.4: Electron energy band diagrams of metal contact on p-type semiconductor with ¢pm<ds (a) Neutral
and separated materials and (b) at thermal equilibrium after the contact has been formed.

the semiconductor until the Fermi levels on both sides align. These electrons, being
minority carriers in the p-type semiconductor, subsequently recombine with holes,
forming a space-charge layer of ionized acceptors, as illustrated in Fig. 2.4(b). The hole
concentration in the space-charge region is significantly smaller in comparison with the
acceptor concentration, resulting in the space-charge region on the semiconductor region
consisting of a depleted region whose thickness (Wo) depends on the concentration of
ionized acceptor atoms.

For p-type semiconductors, barriers for holes in the band diagram must be

considered. The barrier height for holes is determined by the following relation:

by =2, +E, ~ 4, (2.4)

where Eg is the band gap of the semiconductor. From equations (2.1) and (2.2), it follows

that,

P+ Py = Eg (2.5)

Similar to the discussion for n-type semiconductors, it can be shown that a contact formed
by a metal and a p-type semiconductor is non-rectifying if om>¢s. However, it is observed
that Schottky barriers with p-type semiconductors typically exhibit smaller barrier

heights and are infrequently utilized in practical devices.
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2.1.2. Modifications of Schottky Theory

Metal-semiconductor contacts in practical scenarios often deviate from the guidelines
outlined above. Specifically, Eq. (2.1) indicates that the barrier height (¢s) varies linearly
with the metal work function (¢m). This strong dependence on ¢m is prominent in
predominantly ionic semiconductors. However, in many covalent semiconductors, the
barrier height exhibits less sensitivity to ¢m, and in some cases, it is nearly independent
of ¢m.

Bardeen was the first to elucidate that the barrier height in covalently bonded
semiconductors is insensitive to the metal work function. He highlighted the significance
of localized surface states in determining the barrier height. At the semiconductor's
surface, the periodicity of the crystal lattice comes to an end. In a covalent crystal, surface
atoms only have neighbours on the semiconductor region, and on the vacuum region,
there are no neighbours available for covalent bonds. Consequently, each surface atom
has a broken covalent bond with one electron present and the other missing, known as a
dangling bond. These dangling bonds create localized energy states at the
semiconductor's surface, with energy levels situated within the forbidden gap.

These surface states generally form a continuous distribution in the band gap,
characterized by a neutral level (¢o). The position of the ¢o is such that, in the absence of
band bending in the semiconductor, the states are filled by electrons up to ¢o, rendering
the surface electrically neutral. When states below ¢o are occupied or empty, they behave
like donors or positive, and when they are unoccupied, they function like acceptors. The
density of surface states on covalent semiconductor surfaces can substantially decrease
the presence of adsorbed layers of foreign atoms, which can complete the broken
covalent bonds.

The presence of surface states has a notable impact on the charge distribution in
the depletion region, influencing the barrier height. In Fig. 2.5(a), the energy band
diagram of an n-type semiconductor with flat-band conditions is depicted. This state is
characterized by non-equilibrium conditions, transitioning to equilibrium when
electrons from the semiconductor near the surface occupy states above ¢o, aligning the
Fermi level at the surface with that in the bulk. This leads to a negatively charged surface
and the creation of a depletion region comprising ionized donors on the semiconductor

side near the surface. Due to this dipole, a potential barrier is established in the direction



38 | Schottky Barrier Diodes: Theoretical...

Ec
A

]

B

-

;} FILLED STATES

= E
A

{a)

METAL SEMICONDUCTOR
S N
Py Vi

Y
7

(c)

Fig. 2.5: Energy band diagrams of n-type semiconductors incorporating surface states. The diagrams depict
(a) a flat-band at the surface, (b) a surface in thermal equilibrium with the bulk, and (c) a semiconductor in
contact with a metal.

from the surface to the semiconductor, even when there is no metal contact, as displayed
in Fig. 2.5(b).

Upon introducing a metal into contact with the semiconductor and reaching
equilibrium, the Fermi level in the semiconductor changes, exchanging charge with the
metal. If the density of surface states at the semiconductor surface is substantial, the
charge exchange predominantly occurs between the metal and the surface states, with
minimal impact on the space charge in the semiconductor. Consequently, the barrier
height in Fig. 2.5(c) becomes independent of the metal work function and is determined

by the expression:

¢B :(Eg _¢o) (2.6)

In this scenario, the barrier height is termed "pinned" by surface states, and Eq. (2.5) is

denoted as the Bardeen limit.

2.2. Classification of Metal-Semiconductor Interfaces

The interfaces between metals and non-metals can be systematically classified into
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four primary types based on the resulting atomic configuration at the interface. These
categories are as follows:

Type I: This category involves non-metal acting as an insulator or semiconductor, where
the metal is physisorbed onto its surface. This type of interface exhibits ideal Schottky
barrier contact, where the barrier height directly varies with the metal work function.
Type II: In this type, the non-metal is a highly polarizable semiconductor, such as silicon,
with a dielectric constant (er) greater than 7. The metal forms a weak chemical bond with
the semiconductor surface, without reacting to create a bulk compound. They resemble a
"Bardeen barrier," assuming that surface states are spread over the space in the
semiconductor, allowing for a potential drop across this region. The barrier height in
decent contacts of this type is expected to exhibit a weak dependence on ¢m.

Type III: In Type IIl interfaces, the highly polarizable semiconductor undergoes a
chemical reaction with the metal, leading to the formation of one or more chemical
compounds. They represent a scenario of strong chemical bonding between the metal and
the semiconductor. The barrier height is expected to be influenced by factors related to
chemical or metallurgical reactions occurring at the interface.

Type IV: This type involves the formation of a thin film of native oxide during the surface
preparation of a highly polarizable semiconductor. This film acts as an interfacial layer,
hindering intimate contact between the metal and the semiconductor. This type of
interface is frequently encountered in practical metal-semiconductor devices; this case

involves a brief discussion in the subsequent section.

2.3. Contacts with Surface States and an Insulating Interfacial
Layer

In the majority of metal-semiconductor contacts, the semiconductor surface, before metal
deposition, undergoes chemical cleaning, resulting in the presence of a thin insulating
oxide layer on its surface. The thickness of this interfacial layer is contingent upon the
surface preparation method and, for optimal Schottky contacts, should be maintained
below approximately 20 A. The energy band diagram illustrating a contact with an

interfacial oxide layer is depicted in Fig. 2.6.

As previously elucidated, the Fermi level remains uniform throughout the system,
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Fig. 2.6: Energy band diagram of a metal-semiconductor contact with surface states and interfacial layer.

and the vacuum level exhibits continuity along the interface. The potential linearly drops
across the interfacial oxide layer (Fig. 2.6), assuming it to be an ideal insulator with no
charge. Furthermore, it is presumed that the lower edge of the CB in the insulator lies
beneath the vacuum level. In instances where the interfacial layer is sufficiently narrow
(i.e. <20 A), the potential drop along it is insignificantly small in comparison to that in the
semiconductor depletion region. This thin region is electron-transparent, allowing
electrons to tunnel through it bi-directionally. Consequently, the ¢ and Vi remain largely
unchanged by the presence of this thin interfacial layer.

Contacts featuring a thin insulating layer between the metal and semiconductor
prove more amenable to theoretical understanding and analysis than their decent and
strong counterparts. This is attributed to the insulating layer acting as a separator,
enabling the treatment of the metal and semiconductor as distinct systems. Consequently,
one can consider interface states as a characteristic of the specific semiconductor-
insulator combination, disregarding any alterations in the surface dipole contributions to
the work functions of the metal and semiconductor. Such simplifications are not

applicable when dealing with clean contacts.

2.4. Fabrication Process of Schottky Diodes

Material Selection: In the fabrication of Schottky diodes, metal choice is crucial and is
determined by the semiconductor type. Aluminium (Al) or platinum (Pt) is commonly
preferred for n-type semiconductors to establish a rectifying contact. Despite silver's (Ag)

excellent electrical conductivity, its susceptibility to oxidation limits its use in metal-
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semiconductor junctions. In thin film applications, indium tin oxide (ITO) on a glass
substrate is utilized for its resilience at elevated temperatures. Silicon wafers with
specific orientation, thickness, and resistivity are selected for silicon-based Schottky
diodes.

Cleaning: To ensure an uncontaminated surface, ITO/wafers undergo meticulous
cleaning with trichloroethylene, acetone, and methanol solvents. The final cleaning step
involves using a 30-40% HF etching solution [7].

Rinsing: Wafers are rinsed in deionized (DI) water repeatedly before subsequent
deposition procedures.

Deposition of Semiconducting Materials: The materials to be used as the
semiconducting layer are deposited onto the ITO glass substrate with the help of Spin
coating units with a rotation of a certain rpm. Any other PVD methods, such as
evaporation by electron beam can also be used to deposit the films of the semiconducting
materials.

Ohmic Contact Formation: Ohmic contacts on the back side of silicon wafers are
established for efficient electrical connections to semiconductor regions. High-purity
aluminium or the chosen metal is deposited using vacuum coating units, maintaining a
constant low pressure for uniformity up to a few tens of nanometers. Annealing optimizes
temperature, duration, and pressure, facilitating inter-diffusion and forming well-defined
Ohmic contacts.

Schottky Contacts: Before metal deposition, silicon wafers are cleaned and etched in a
40% HF solution to remove the native oxide layer. A thin layer of the chosen metal is then
applied to the semiconductor surface using deposition techniques such as sputtering or
evaporation, with thickness controlled for desired electrical characteristics. A few
optional steps are:

Photolithography: Photolithography defines the Schottky contact area by applying
photoresist, exposing it to UV light through a mask, and developing the pattern through
chemical processing.

Etching: Precision etchants selectively remove metal in exposed regions, defining the
final geometry of the Schottky diode.

Passivation: Optionally, a passivation layer is deposited over the Schottky diode to

enhance long-term stability and shield it from environmental factors.
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2.4.1. Aluminium in Device Fabrication

Aluminium, the Earth's most abundant metal, stands out for its exceptional malleability,
ductility, and lightweight characteristics. Compared to numerous other metals, it exhibits
a relatively soft nature. Beyond its mechanical attributes, aluminium demonstrates
commendable electrical and thermal conductivity while maintaining reasonable
resistance to corrosion. Remarkably environmentally friendly, it can be recycled without
compromising any of its intrinsic properties. In contrast, platinum, a more expensive and
heavier metal, has a higher work function of 5.65 eV, in stark contrast to aluminium’s

lower work function of 4.2 eV.

2.4.2. Glass Substrate Coated with Indium Tin Oxide (ITO)

Indium Tin Oxide (ITO) is a compound consisting of indium (In), tin (Sn), and oxygen (0O),
with a composition of 74% In, 18% Sn, and 8% O. Widely recognized for its combination
of electrical conductivity, optical transparency, ease of deposition as a thin layer, and
moisture resistance, ITO stands out as one of the most commonly employed transparent
conducting oxides. Typically, thin films of indium tin oxide are deposited onto glass
surfaces using physical vapour deposition techniques. These films exhibit an optical
transmittance exceeding 80% for thin layers, accompanied by a low electrical resistivity

of only 10-4 Q-cm [8].

2.4.3. Metal Deposition

The fabrication of metal-semiconductor junctions follows a vertical sandwich
configuration, specifically Al/synthesized material/ITO, chosen for its simplicity in
junction fabrication. Initial to this process is the meticulous cleaning of the ITO,
necessitating a thorough cleaning procedure. The ITO-coated glass substrates undergo a
sequential cleaning process involving ultra-sonication with a mild basic water solution
(containing a small amount of purified sodium hydroxide in distilled water), followed by
rinsing with acetone, ethanol, and distilled water. Subsequently, the synthesized material
is dispersed/dissolved in a suitable medium under ultra-sonication and is spin-coated on
the pre-cleaned ITO substrate at a specified rpm for multiple cycles. The resulting films

are then dried in a vacuum chamber for several hours.
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The next step involves the deposition of aluminium metal on the thin film of the
material through thermal evaporation. This process employs an electron gun within the
vacuum coating unit, maintaining a low pressure, generally at 10-°¢ mbar. To define the
metal-semiconductor interface precisely, a shadow mask is employed during metal
deposition, ensuring an effective junctional area of 7.065 x 10-6 m? The schematic

structure of the fabricated Schottky diode is provided in the following Fig. 2.7.

Source Measuring
Unit

%,

Metallic 1 ITO
Contact (Al) ——> Coating
Thin Film of ——a —
Synthesized Glass
Material Substrate

Fig. 2.7: Schematic diagram of fabricated MS junction Schottky diode.

2.5. Electrical Studies of Schottky Barrier Diodes

There are different ways to measure the important Schottky diode parameters (e.g.
ideality factor, barrier height and series resistance) and charge transport parameters (e.g.

mobility and transit time). They are described shortly in the following section.

2.5.1. Evaluation of Ideality Factor, Barrier Height and Series

Resistance

In Schottky barrier diodes constructed on high mobility semiconductors like Si and GaAs,
the current is attributed to the thermionic emission of electrons across the barrier and

its dependence on the applied bias V is expressed by the relationship:

_ v
| = Io[exp(nkT] 1} (2.7)

where, |, = A4 AT exp (;—f_ﬁ‘j (2.8)
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Here, n represents the diode ideality factor, and A* denotes the modified Richardson
constant for the semiconductor. For forward bias values of V exceeding 3kT/q, the In (I)
vs. V plot yields a linear relationship. By extrapolating this line to V = 0, Io can be
determined. Utilizing lo, A", the diode cross-sectional area Aefr, and the temperature T, the
zero bias barrier height (¢B) is computed, accounting for the image force barrier lowering
distance (As).

In situations where A" is unknown, the barrier height can still be deduced.
Forward -V characteristics of the diode are acquired at various temperatures, and Io is
determined for each temperature. A In(lo/T?) versus 1/T plot results in a straight line,
with the slope offering the barrier height ¢, and the intercept on the lo/T? axis providing

the value of A™.

|n['—°j: In( Ay A*)—l‘f—; (2.9)

The method yields the barrier height at 0 K, marginally higher than the room-
temperature barrier height. Real devices often exhibit deviations from ideal behaviour,
with the emergence of a significant series resistance Rs at higher currents, encompassing

the series resistance of the semiconductor, metal, and contacts. Thus,
Ve =V = IR (2.10)

Now, equation (2.7) can be rearranged as,

YU e

In forward bias, for V>kT/q and V >> [Rs, it can be derived from the diode equation that:

dv :(E]HRS (2.12)
d(nl) q

The value of 1 and Rs can be estimated from the intercept and the slope of the straight

line of the dV/d(In I) vs. I plot.
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2.5.2. Estimation of Mobility and Transit Time

The I-V characteristics can further be analysed by interpreting the charge carrier's
mobility (pefr) and lifetime (t) using the space-charge limited current (SCLC) theory to
elucidate the charge transport mechanism for various photo-induced applications [9].
Plotting log (I) against log (V) for positive voltages reveals distinct linear regions
indicative of different conduction mechanisms. In metal-semiconductor junctions,
interfacial trap states significantly influence charge carrier conduction, thereby altering
[-V characteristic curves. At low bias, Ohmic behaviour (I a V) with a slope near unity is
observed, indicating predominant conduction by intrinsic charge carriers [10].
Subsequently, as the slope increases (typically reaching 2), injected carriers from the
contacts begin to dominate over intrinsic carriers for intermediate potential values,
establishing a spatially distributed charge field. Mobility primarily governs quadratic
current (I a V2) in this region [9,11]. Eventually, at higher applied voltages, the device
surpasses the trap-filled limit, resulting in conduction primarily through 'trap-free space-
charge limited current' characterized by power-law behaviour (I a V», where n > 2),
corresponding to region III [11].

The mobility of electrons is estimated from the slope of the [ vs. V2 plot, according
to the Mott-Gurney equation [11]:

:MLVZJ (2.13)

8 d°®
where, Aeff, €0, €r and d stand for the effective diode area, the free space permittivity, the
dielectric constant of materials and the thickness of the diode, respectively.

Here, the dielectric constant (&r) of the synthesized materials could be estimated from the

capacitance (C) vs. frequency (f) plot, obtained from the measurement by an impedance

analyser.

_ Cud
r &0 Ay

&

(2.14)

where, Co is the saturated capacitance[12].
Also, the lifetime or transient time (t) of the charge carriers could be deduced by

employing the following equation [13]:
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_9808rAeff \i
r=—t (|) (2.15)

2.5.3. Capacitance-Voltage Measurement

In the capacitance-voltage measurement approach, the diode capacitance is evaluated
concerning the applied reverse bias. When subjecting a reverse-biased diode to a small
AC voltage of a few millivolts, the depletion region capacitance C is defined by the

equation:

&g.gN
C = Ay - KT
Z(Vi +VR—J
q

(2.16)

where Aeff represents the cross-sectional area of the diode, es the permittivity of the
semiconducting material used, Vr is the applied reverse voltage, and all other symbols
maintain their conventional meanings. This formulation assumes the absence of a
significant interfacial oxide layer in the diode and uniform donor concentration Ng in the
n-type semiconductor. Notably, a plot of 1/C2 versus Vr yields a linear relationship with
a slope of (2/Aeff? €s qNa) and an intercept on the voltage axis Vo=(Vi-kT/q). The slope
enables the determination of the dopant concentration Ng, and as qVi=(¢s -¢n), the barrier

height ¢sis derived as:

P =qV, + ¢, +KT (2.17)

Here, the KT factor accounts for the contribution of the majority carriers to the space

charge, and Eq. (2.17) excludes the image force barrier lowering.

2.5.4. Photoelectric Measurement

The photo-electric measurement stands out as the direct and most accurate approach for
estimating the barrier height (¢s). In this method, a monochromatic light is directed onto
a metal in contact with a semiconductor. If the photon energy (hv) exceeds the barrier
height (¢8) but is less than the band gap of the semiconductor, the incident photons cause
electron excitation from the metal over the barrier. The resulting photocurrent (Iph) for

(hv-¢B8)>>3KT is described by the Fowler theory as:
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|, = B(hv—g,)? (2.18)

where B represents the proportionality constant. When Iph is plotted against hv, a straight

line is generated and the intercept of the hv axis provides the value of ¢s.

2.5.5. Application of Schottky Diodes

Schottky diodes exhibit a superior current drive capability compared to typical p-n
junctions and, contingent on the Schottky barrier height (SBH), manifest a larger
saturation current. Consequently, in circuit applications necessitating high current and
low voltage, Schottky diodes emerge as the favoured rectifying devices. Moreover,
Schottky diodes avoid issues associated with minority carriers, as they do not face the
limitations tied to minority carrier recombination time that are inherent in a p-n junction.
This characteristic makes Schottky diodes notably faster, which makes them suitable for
use in digital logic circuits as rapid switches. High-speed Schottky photodiodes find
applications in optical measurements and communications technologies. Schottky
junctions also serve as cost-effective photovoltaic cells. Additionally, metal-
semiconductor contacts play a pivotal role as gate electrodes in field-effect transistors,
the drain and source contacts in MOSFETSs, the electrodes for high-power IMPATT

oscillators, and the third terminal in a transferred-electron device.

2.6. Impedance Spectroscopy (IS)

In the late nineteenth century, Oliver Heaviside introduced the non-destructive technique
of Impedance Spectroscopy, which later evolved based on complex mathematical
transforms. He contributed terminologies such as Impedance, Admittance, and
Conductance. A. E. Kennelly and C. P. Steinmetz further developed this approach [14],
representing it through vector diagrams and complex illustrations. Impedance
spectroscopy is a potent method for characterizing the electrical properties of materials
and interfaces between materials and electrodes. It is applicable for analysing the
dynamics of bound and mobile charges in the bulk and interfacial regions of various
materials, including ionic, semiconducting, mixed electronic-ionic, and insulators
(dielectrics). A significant benefit of impedance spectroscopy for studying the electrical
and electrochemical properties of materials and systems is the direct correspondence

often seen between the behaviour of a real system and that of an equivalent model circuit
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made up of distinct electrical components. Researchers often analyze or fit impedance
data to an equivalent circuit that represents the physical processes occurring in the

material and at the interfaces.

2.6.1. Associated Functions in Impedance Spectroscopy

Impedance, a more comprehensive concept than resistance, incorporates phase
variations, making it a fundamental idea in electrical engineering. Impedance
spectroscopy is characterized by the measurement and analysis of the four impedance-
related functions: Z, Y, M, and €. The visualization of these functions in the complex plane,
as we will investigate, is very advantageous for interpreting the small signal AC response
of the electrode material system being studied. The utilization of Z and Y in analysing the
response of electrical circuits composed of lumped (ideal) components (R, L, and C) dates
back to the early stages of electrical engineering. A significant achievement in the analysis
of real systems, particularly those distributed in space, was made by Cole and Cole [1941]
through the plotting of €' and €" for dielectric systems in the complex plane, now known
as a Cole-Cole plot. Moreover, Z and/or Y have found extensive application in the
theoretical treatment of semiconductor and ionic systems. Complex plane plots are
sometimes referred to as Nyquist plots.

Impedance, defined as a complex quantity, is real when 8=0, representing purely

resistive conductance, when Z(w)=Z2Z'(w). In this situation, the impedance remains

constant regardless of frequency. However, when Z' is recognized as a frequency-
dependent characteristic, the Kronig-Kramers (Hilbert integral transform) and
Macdonald, Brachman [1956] approach to integrate the real and imaginary components

to ensure that Z” cannot be zero across all frequencies but should vary with frequency.

Impedance is expressed as Z () = Z'(w) — jZ"(w) ; where Z'(a)){:|Z|Cos 6’} and
Z"(a)){:|Z|sin 49} are real and imaginary parts of the total impedance. In impedance

spectroscopy, various measured or derived quantities associated with impedance play
pivotal roles. The admittance is represented as, Y =Z ' =Y'+ jY". In the complex plane,

we can express v=Zi or i=Yv, where v, i, and Z are treated as complex. It is additionally
standard in impedance spectroscopy to denote Z and Y as far as resistive and capacitance

parts as Z=Rj(®)-jX;(w)and Y =G,(®)+ jB,(w), where the reactance,
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Xs ={oC;q (w)}fl and the susceptance, B, ={wC,(®)} . Here the subscripts s and p mean

"Series" and "Parallel". The other two quantities are normally characterized as the
modulus function M = joC,Z=M'+JM" and the complex dielectric constant or
dielectric permittivity e=M " =Y / (joC,) = &' — j&" . In the above equations, C, = £,A/|

Co is the capacitance of the empty measuring cell, where A, 1 and g, denotes the electrode

area, separation length and the dielectric permittivity of free space respectively. The

relations among the four impedance functions are presented in Table 2.1.

Table. 2.1: Relation between the four Impedance functions [14].

Z Y M €
Z Z Y1 M/jwCo 1/jwCoe
Y 71 Y jowCo/M jowCoe
M jwCoZ jwCo/Y M el
€ 1/jwCoZ Y/jwCo M-1 €

2.6.2. Equivalent Circuit Model

Impedance data, often represented in graphical plots showing impedance, dielectric
properties, or modulus, is typically analyzed by fitting it to an equivalent electrical circuit
model. Various basic electrical circuits, comprising combinations of ideal resistors and
capacitors, are used to create representative impedance data plots. In practical settings,
the impedance of an unknown system is first measured, generating impedance data plots.
These plots are then compared with those of established equivalent circuits, leading to
an initial selection of a circuit that best matches the experimentally obtained impedance
data and offers a plausible explanation of the observed phenomenon. The choice of
equivalent circuits should be guided by an intuitive understanding of the electrochemical
system, relying on the chemical and physical properties of the system rather than

randomly selected circuit elements [15]. Most circuit components in the model are
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fundamental electrical elements, such as resistors, capacitors, and inductors. It is
essential to recognize that impedance analysis is an intricate endeavour, encompassing
physical, chemical, electrical, and mechanical components translated into electrical
terms. Impedance data is often fitted with an equivalent circuit that includes circuit
elements corresponding to the physical processes occurring within the investigated
device. While ideal circuit components like resistors and capacitors can often be applied,
real systems may exhibit deviations from ideal behaviour. Generally, a combination of
distributed circuit components, such as the constant phase element (CPE) and the
Warburg diffusion impedance, is required to adequately describe the impedance

response of real systems, acknowledging their non-ideal nature (Table 2.2) [14][16].

Table. 2.2: The circuit components utilized in the Equivalent circuit (EC) model [14].

Components Units Equivalent Element Impedance
Resistor Ohm R R
1
Capacitor F or Ohm-1S C .
joC
Inductor Hor Ohm S L joL
SN Ry
Infinite Diffusion Ohm Zw -
(o)

Finite Diffusion Ohm Zo
ja)Lz0
D
Constant Phase 1

Ohm-1 S« PRV
Element " Q Q ( Jw)
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2.7. Positron Annihilation Spectroscopy (PAS)

Positron Annihilation Spectroscopy (PAS) has proven highly effective in the examination
of electron characteristics and the identification of defect structures in various materials,
including crystalline solids common in semiconductor applications. In semiconductor
materials, lattice defects play a crucial role, akin to "flavours in your food," influencing
material properties significantly, whether positively or negatively. These defects impact
electrical conductivity by generating, trapping, and scattering charge carriers. Due to
thermodynamic equilibrium requirements, a certain concentration of defects is
inevitable at finite temperatures, and various factors in practical scenarios contribute to
an increased concentration of defects in real crystals.

The application of positron annihilation spectroscopy in studying semiconductor
defects dates back to the mid-80s, with earlier reports on radiation damage in silicon and
germanium appearing in the 70s. The positron, the antiparticle of the electron theorized
by Paul Dirac in 1928 and discovered experimentally in 1932, garnered significant
interest and was extensively studied during the 1940s and 1950s. By the late 1960s, it
was recognized that positrons exhibited sensitivity to lattice defects in metals. Presently,
PAS is widely employed in approximately 200 research labs worldwide, with around 40
operational slow positron beams in about 30 research facilities.

PAS finds applications in investigating a wide range of phenomena, including
electron characteristics, defect structures, magnetic properties of solids, plastic
deformation at varying temperatures, phase transformations in alloys, semiconductors,
polymers, porous materials, and more. Its utility extends beyond solid-state physics and
materials science to chemistry, biology, and medical science, where it is utilized, for
instance, in tumour detection. PAS stands out as a non-destructive technique, enabling
the subsequent analysis of a sample using various methods. Commercially available
experimental equipment for PAS is relatively affordable, making it increasingly popular
in research laboratories for fundamental studies, diagnostics of system elements

operating in challenging conditions, and the characterization of high-tech materials.

2.7.1. Positron Annihilation Process

The annihilation of a positron-electron pair yields photons with a total energy of 2m,c?,

slightly less than the electron binding energy, denoted as ~ 2mqc?® (» 511 keV),
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representing the electron rest mass energy. In Positron Annihilation Spectroscopy (PAS),
these annihilation photons are instrumental in investigating the properties of the
electron engaged in the annihilation process. Upon penetration into solids, an energetic
positron undergoes thermalization within a few picoseconds, experiencing ionizing
collisions, phonon interactions [17], and subsequent diffusion motion before
annihilating, converting its entire mass into energy, following Einstein's equation
E=m,c?. The annihilation of a positron and an electron results in the release of energy in
the form of photons, with a total energy of 1.022 MeV, corresponding to the combined
rest mass energies of the positron and electron. The number of emitted photons depends
on the specific annihilation dynamics between the positron and electron. Positron beam
energies typically span from 10 eV to 100 keV, with mean stopping depths varying from
1 nm to a few pum, underscoring the potential of positron beams for PAS studies in near-
surface regions of condensed matter. Positrons exhibit a brief lifespan within a material
for two primary reasons:

i.  They can undergo direct annihilation with electrons, where they collide head-on
within the medium, resulting in an annihilation process that yields two photons
with an energy of 0.511 MeV. or,

ii.  Incertain materials, they may form a bound state with an electron, analogous to a
hydrogen atom with a B.E. of approximately 6.8 eV, known as positronium (Ps),

which also undergoes annihilation.

The interaction between electrons and positrons enables the annihilation of electron-
positron (e- - e*) pairs, where the total energy of the annihilating pair can be converted

into photons (quanta of the electromagnetic fields). The reactions involved are:

e’ +e =y(quanta) (2.19)
E, =2myc’+E_  +E_ (2.20)
m,c? =511 KeV (2.21)

In the given equations, Ezy, Ee+, and Ee- represent the energies of the resulting photon pair,
electron, and positron, respectively. Here, mo represents the rest mass of both the

electron and the positron, while c denotes the speed of light. The annihilation process
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follows specific fundamental conservation laws, such as the conservation of total energy,
total angular momentum, total linear momentum, and parity. The lifetime of a positron is
inversely related to the electron density it encounters. Therefore, studying the radiation
resulting from the annihilation of a positron with an electron is vital for understanding
the fundamental properties of the positron and for exploring the characteristics of the
surrounding environment at the annihilation site. Annihilation can happen between free
positrons and electrons or between particles in a bound state like positronium (Ps). In
condensed matter, the positron-electron pairs typically have a lifespan ranging from a

few tenths to a few nanoseconds before undergoing annihilation.

< Annihilation of Free Positron

After thermalization, a positron can annihilate with an electron in the medium either
through a singlet collision (where spins are antiparallel, denoted as s=0) or through a
triplet collision (where spins are parallel, denoted as s=1). According to the rules
governing annihilation, a singlet collision results in the emission of two photons (2y-ray)
travelling precisely opposite to each other in the centre-of-mass system, each with an
energy of about 0.511 MeV (= moc?) [18]. Alternatively, a triplet collision can lead to
annihilation into three y-rays. In this case, the rest energy (= 2moc?) of the electron-
positron pair is distributed among the three photons, which are emitted in one plane but
in different directions relative to each other. In this type of decay, the annihilation cross-
section for emitting 3y-rays is reduced by approximately the fine structure constant a
(a=1/137) of the cross-section [19]. Even though very uncommon from a hypothetical
perspective, non-photon and one-photon annihilation are also conceivable however just
if a third body is sufficiently close to absorb the recoil momentum such as an electron or

nuclei.

< Formation of Positronium

In an electronic medium, a positron can capture an electron, forming a neutral atom
known as Positronium (Ps) when the positron's energy is reduced to less than 10 eVin a
medium [20]. The existence of Ps and its chemical reactions with particles were first
identified from annihilation photons in 1951 [18]. Positronium exists in two states: para-
positronium (p-Ps), which annihilates into 2y-rays with a lifetime of about 0.125 ns in a

vacuum due to the anti-parallel spin combination, and ortho-positronium (o-Ps), which
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results from the parallel spin combination. o-Ps has a much longer lifetime (~142 ns in a
vacuum) because of its self-annihilation, and it decays through 3 photons (y-ray), all
having energies under 0.511 MeV.

In atomic environments, the positronium (Ps) can interact with electrons from the
medium, particularly those with anti-parallel spins to the positron, leading to a process
known as ‘pick-off’ annihilation. This process involves two-photon annihilation of ortho-
positronium (o-Ps), significantly reducing its lifetime from 142 ns (for free o-Ps) to a few
nanoseconds. Notably, the pick-off annihilation lifetime of o-Ps is about ten times longer
in molecular systems compared to crystalline or metallic media. The experimental
determination of o-Ps lifetime is critical in positron and positronium research as it
provides insights into electron density, a fundamental aspect governing chemical
bonding in atoms and influenced by atomic structure. In materials with large open
volumes like polymers, the lifetime of Ps can range from 1-2 nanoseconds or more. The
ratio of para-positronium (p-Ps) to o-Ps states typically stands at around 1:3 in the

absence of external electric and magnetic fields.

< Positron Sources

The primary techniques for producing low-energy positrons include pair generation in a
high-energy accelerator [21] or the radioactive decay of a nucleus [22]. The high-energy
accelerator method involves using high-energy electrons that, upon deceleration in
matter, emit photons via the Bremsstrahlung process. If the photon energy exceeds twice
the electron rest mass energy, positrons (and electrons) can be created through the pair
conversion of these photons. This method has been effectively used in different
laboratories, providing the benefit of generating a pulsed positron beam suitable for
depth-resolved measurements of positron lifetime.

In the case of lab-scale facilities, the beta (3*) decay of radioactive isotopes is
commonly used. The vast majority of positron studies on solids have been conducted
using positron sources such as 22Na, 58Co, ¢4Cu, and 8¢Sr, chosen for their low production
costs, ease of production in the laboratory, and favourable half-lives. The short-lived ¢4Cu
isotope (half-life  12.8 h) is utilized when it can be generated promptly, e.g., near a
nuclear reactor, through irradiation of isotopically enriched 63Cu with thermal neutrons.
Isotopes like >8Co and 22Na have relatively long half-lives of 71 days and 2.6 years,

respectively. Another critical factor in choosing a radioisotope is the positron branching



Chapter 2 | 55

ratio, defined as the number of positron emissions divided by the total number of decay
emissions. For 22Na and >8Co, these ratios are 0.89 and 0.15, respectively. Considering
both half-life and branching ratio, 22Na is typically the preferred choice as a positron
source. 22Na emits a prompt 1.274 MeV y-ray simultaneously with positron emission,
facilitating the recording of positron lifetime using a coincidence y-spectrometer.
Moreover, it is conveniently accessible in a dilute solution of 22NaCl, which is
straightforward to manage and chemically stable. The stopping profile of B+ particles in
solids decreases exponentially with increasing penetration depth (z), represented as P(z)
~ exp (-z/zo), where typical mean penetration depths zo are approximately 15-100 pm

[23]. The radioactive source 22Na decays according to the following reaction:

?Na— *?Ne + B+ v, + y (2.22)

The 22Na isotope exhibits a remarkably high positron yield of 90.4%. Its decay involves
positron emission and electron capture, leading to the first excited state of the neon
nucleus (22Ne) and the emission of an energetic positron and an electron neutrino. The
excited state promptly de-excites to the ground state by emitting a 1.274 MeV y-ray with
a half-life (t1/2) of 3 ps. In 10% of cases, 22Na undergoes decay through electron capture.
A small fraction (0.05%) of decay leads directly to the ground state of Ne, accompanied
by the emission of an additional energetic positron (Fig. 2.8). Consequently, positron
emission almost coincides with the emission of the 1.274 MeV y-ray, while the

subsequent positron annihilation is observed through two 0.511 MeV y-rays.

2.602y
y:p
Na
- E.C. (9.5 %)
< 1274 - o
3.7 ps B 545 keV (90.4 %)
v 1274 keV
" 0/
stable BT (0.1 %)

22
Ne

Fig. 2.8: Decay profile of 22Na. (Adapted from Ref. [23])
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The positrons generated in the y decay of 22Na exhibit a broad energy distribution,
extending up to 0.540 MeV, allowing for deep penetration into a sample. To obtain depth
profile information, especially for analyzing thin layers, mono-energetic "slow" positron
beams are crucial. Fast positrons can be moderated through a moderation step. Positrons
can be emitted from a surface with a negative work function. The characteristic time
scales of various positron annihilation processes in materials are summarized in Table
2.3.

When positrons are introduced into a solid medium, they quickly reach thermal
equilibrium with their surroundings, interact with the environment, and eventually
annihilate with electrons within the material. The observable characteristics of this
annihilation process provide insights into the structure of the medium. These
characteristics are influenced by two main factors related to the medium's structure:
Firstly, the properties of the electron involved in the annihilation depend on the local
electronic environment at the annihilation site. Secondly, the state of the positron itself
at the time of annihilation is influenced by medium-specific interactions preceding
annihilation, which include scenarios such as a free positron, a positron captured in a

trap, or different states of the positronium (Ps) atom within the medium.

Table. 2.3: Characteristic time scales of different positron annihilation processes in

matter (Adapted from Ref. [23])

Positron State Type of Process Characteristic Lifetime
Free e+ 2y 0.1-0.4ns
Trapped e+ 2y 0.2-0.5ns
2y, self-annihilation 0.1ns
pPs
2y, pick-off process >1ns
3y, self-annihilation 140 ns
oPs

2y, pick-off process >1ns
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Fig. 2.9: Schematic of the PALS spectrometer and spectra. Abbreviations: ADC for analog-to-digital
converter, CFDD for constant-fraction differential discriminator, TPHC for time-to-pulse height converter,
PC for personal computer for experimental data collection and analysis. (Adapted from Ref. [25])

< Experimental Setup

The Positron Annihilation Lifetime Spectroscopy (PALS) method traditionally employs
an analogue coincidence measurement setup to assess the positron lifetime within the
material sample under investigation. The positron lifetime spectrum is constructed as a
histogram of counts [N(t)] versus time (t), representing a summation of exponentials of
lifetimes within the medium. In recent times, there has been a transition towards digital
oscilloscopes and fast digitizers, supplanting conventional analogue timing modules in
PALS experiments. This shift has been accompanied by a growing reliance on digital
signal processing, which significantly impacts time resolution in addition to the
properties of scintillators [24]. The resolution function of the spectrometer, delineating
its response to prompt coincidence events, typically exhibits a Gaussian-like profile,
characterized by its FWHM. Here, T represents the inverse slope of the ortho-positronium
(0-Ps) component, while the intensity (I) corresponds to the area under the o-Ps slope.
Data analysis in PALS can be accomplished through either direct deconvolution of the
spectrum using programs employing diverse regularization strategies (e.g., CONTIN,

MELT, RESOLUTION), or by fitting a theoretical model to the experimental data utilizing



58 | Schottky Barrier Diodes: Theoretical...

spectra-fitting software (e.g., PATFIT, PositronFit, PALSfit) [25,26]. A schematic

representation of the PALS spectrometer and spectra is illustrated in Fig. 2.9.

2.7.2. Doppler Broadening Spectroscopy (DBS)

The energy spectrum of annihilation radiation offers statistical insights into the
annihilation surroundings. According to the laws of momentum and energy conservation,
the two gamma quanta are emitted nearly in opposite directions and can be directly
detected. The deviation from 180° and 511 keV is influenced by the centre-of-mass
momentum of the annihilating particles and the emission direction of the quanta relative
to the system momentum. Because the thermalized positron typically possesses more
momentum than bound electrons, the resulting spectrum reflects the momentum
distribution of electrons as sensed by the positron.

The 511 keV annihilation line undergoes Doppler broadening (511 + AE) due to
the longitudinal momentum component (p1) of the annihilating positron-electron pair. In
Doppler experiments, the longitudinal component pL towards the detector is evaluated,
and the change in energy (AE) corresponding to the momentum pv. is given by the formula
AE = 1/2pLc, where c represents the speed of light. The energy spectrum correlates
directly with the electron momentum spectrum, with a 1 keV shift equivalent to a
momentum of 0.54 a.u. High-purity Germanium (HPGe) detectors are used to discern
these small energy shifts in the annihilation peak. A Full Width at Half Maximum (FWHM)
of 1.2 keV at the 511 keV annihilation peak is attainable with a robust setup. Despite this
resolution width being critical compared to the typical Doppler broadening peak FWHM
of 3 keV, the measured spectrum reveals two main regions in the one-dimensional
momentum distribution of the annihilating positron-electron pair.

These regions include: (i) a low-momentum region near the peak position
(typically 0 < pL < 3:0 x 10-3 mqyc, where pL is the longitudinal momentum), reflecting
annihilations with valence electrons, and (ii) a high-momentum region toward the tails
of the spectrum (typically 6:2 x 10-3 myc < pL < 15 x 10-3 myc) due to annihilation with
high-momentum electrons. In cases where a positron is trapped in a vacancy, there is a
probability of reduced annihilation with core electrons compared to a free positron.
Doppler broadening spectroscopy has been employed to identify the precise nature of
defects. The energy of the core electron participating in the annihilation process is crucial

because, in a positron lifetime spectrum, the different spectra from the entire positron
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states in the sample are added and cannot be resolved into components. Therefore, a
Doppler broadening measurement provides more intricate data than a lifetime
measurement. Doppler broadening spectroscopy is sensitive to the surroundings of a
vacancy, allowing differentiation between vacancies with similar open volumes, which is
challenging with lifetime measurements alone.

These regions consist of (i) a region with low momentum close to the peak
position (typically 0 <pr< 3 x10-3 moc, where pL represents the longitudinal momentum),
indicating annihilation with valence electrons, and (ii) a high-momentum region at the
edges of the spectrum (typically 6.2x10-3 moc <pL <15x10-3 moc) resulting from
annihilation with high-momentum electrons [27]. In scenarios where a positron is
trapped in a vacancy, there is a decreased likelihood of annihilation with core electrons
compared to a free positron. Doppler broadening spectroscopy has been utilized to
identify the specific characteristics of defects. The energy of the core electron involved in
the annihilation process is crucial because, in a positron lifetime spectrum, the spectra
from all positron states in the sample are combined and cannot be distinguished as
individual components. Therefore, Doppler broadening measurement offers more
detailed information compared to a lifetime measurement. Doppler broadening
spectroscopy is sensitive to the environment of a vacancy, enabling differentiation
between vacancies with similar open volumes, which is challenging with lifetime
measurements alone [28].

Two critical parameters, the shape (S) parameter and the wing (W) parameter, are
commonly employed to analyze the distinct regions of the spectrum, aiding in the
extraction of information about the type and concentration of open-volume defects. The
S parameter, which is associated with conduction electrons, represents the fraction of
counts in the central region of the peak, while W, linked to core electrons, signifies the
counts in the wing areas on both sides of the peak. The S parameter is determined by
integrating the counts within +800 eV around the 511 keV annihilation line, divided by
the total counts under the spectrum. Conversely, W is evaluated from an energy window
(~ 5keV) in the wing region of the Doppler broadened annihilation peak. The S parameter
reflects open-volume defects, whereas W reflects the chemical environment at the
annihilation site. An increase in the S parameter suggests the presence of vacancy defects
where positrons are trapped, leading to localized wave functions and reduced

annihilation probability with core electrons compared to valence electrons. As a result,
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the momentum distribution of annihilating electrons shifts to smaller values, resulting in
decreased Doppler broadening of the annihilation line. Consequently, defect-rich samples
exhibit higher and narrower curves compared to defect-free samples when both are

normalized to equal area, resulting in a higher S parameter for defect-rich samples [29].

**k*
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3.1. Introduction

In recent years, there has been a significant rise in the utilization of compound
semiconductors in optoelectronic devices, driven by the increasing demand for solar
energy solutions [1,2]. Group II-VI compound semiconductors, such as zinc oxide (Zn0),
zinc selenide (ZnSe), and zinc sulfide (ZnS), have gained attention due to their favourable
characteristics, including low environmental impact, cost-effectiveness, and abundant
availability [2]. Amidst the various semiconductors, the brownish-red coloured zinc
telluride (ZnTe), with a direct bandgap of ~ 2.26 eV, exhibits several desirable properties
for optoelectronic applications, such as non-toxicity, ease of processing, high physical and
thermal stability, and efficient absorption of visible light [3-5]. These qualities make ZnTe
(ZT) a promising candidate for various device applications, including light-emitting
diodes (LEDs) [4], solar cells [6] and sensors [7]. However, a major limitation of ZT is
their tendency for fast electron-hole (e-h*) recombination, leading to weak charge
transport, particularly in optoelectronic applications. To address this issue, various
strategies have been explored, and the synthesis of graphene-based composites has
emerged as an effective approach [8,9]. Reduced graphene oxide (RGO) is particularly
attractive due to its easy processability, low cost, high specific surface area, and superior
conductivity [10].

In this study, we investigate the potential of ZnTe and RGO-ZnTe (abbreviated as
R-ZT) for fabricating optoelectronic devices by analyzing their electrical charge transport
parameters and interfacial properties. We focus on the Schottky barrier diodes as a
starting point to evaluate the device performance for electronic conduction through the
MS interfaces. Specifically, we fabricate Al/ZT/ITO and Al/R-ZT/ITO Schottky barrier
diodes, where thin layers of ZT and R-ZT are sandwiched between aluminium (Al) and
indium tin oxide (ITO) electrodes. We study the morphological properties of the ZT and
R-ZT thin films to optimize the device's performance. Additionally, we investigate
frequency-dependent and bias-dependent impedance spectroscopy (IS) to explore the
different interfacial properties of the fabricated diodes. Moreover, the current-voltage (I-
V) measurements are conducted under both dark and illumination conditions to analyze
the charge transport mechanism within the MS junction and evaluate the

photoresponsive properties of the fabricated Schottky devices.
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3.2. Materials and Methods
3.2.1. Materials

The chemicals used in this study were zinc (Zn) powder (assay > 93%), tellurium (Te)
powder (~30 mesh, 99.997%), sodium hydroxide (NaOH) (analytical grade, >97%),
graphite powder (98%), H2S04, H3PO4, KMnO4, H202, HCl, absolute ethanol and deionized
(DI) water. All the chemicals were procured from Sigma-Aldrich (India) and used as

received without requiring any further purification steps.

3.2.2. Synthesis of ZnTe

The synthesis of zinc telluride (ZnTe) nanoparticles was carried out using a simple
alkaline hydrothermal (HT) method [11]. In this procedure, 0.36 g of Zn powder, 0.66 g
of Te powder, and 1.61 g of NaOH pellets were dissolved in 40 ml of deionized (DI) water,
resulting in a homogeneous solution upon magnetic stirring for 2 hours. The solution was
then transferred into a Teflon-lined HT autoclave, and additional DI water was added to
achieve the desired dilution. The autoclave was subsequently placed in an oven, and the
temperature was increased at a rate of 3°C/min until a constant temperature of 160°C
was reached. The thermal treatment was maintained at this temperature for 18 hours.
Afterwards, the autoclave was cooled to room temperature, and the resulting grey-
coloured ZnTe sediment was collected by centrifugation. The sediment was washed
multiple times using DI water and absolute ethanol. Finally, the as-synthesized ZnTe
nanoparticles were dried overnight in a vacuum furnace at 80°C to obtain the final

product.

3.2.3. Synthesis of GO

Graphene oxide (GO) was synthesized using an improved version of Hummer's method,
initially proposed by Marcano et al. [12,13]. In this procedure, a 100 mL solution of
H2S04/H3P04with a molar ratio of 9:1 was prepared. Then, 0.75 g of graphite flakes were
dispersed in the solution using intense sonication. Subsequently, 4.5 g of KMnO4 was
gradually added to the acid suspension and stirred for 12 hours at 50 °C. The resulting
mixture was cooled to room temperature and transferred to 100 mL of ice water. To the
homogeneous mixture, 0.75 mL of a 30% aqueous solution of H202 was slowly added,
resulting in the formation of a golden-brown GO suspension. The obtained suspension

was filtered and subjected to centrifugation at 6000 rpm for 1 hour. The resulting GO was
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then washed repeatedly with deionized (DI) water, dilute HCIl, and ethanol. Finally, the

product was obtained by drying overnight at 100 °C.
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GO sheets RGO-ZnTe Composite

Fig. 3.1: Schematic illustration of the synthesis of the RGO-ZnTe nanocomposite.

3.2.4. Synthesis of RGO-ZnTe

The composite material RGO-ZnTe (R-ZT) was synthesized using a similar alkaline
hydrothermal reaction as described for ZnTe synthesis. The synthesis procedure
involved several steps. Firstly, 10 mg of graphene oxide (GO) was reduced to obtain 10
mg of reduced GO through hydrazine treatment, following the method described by Das
et. al. [14]. Next, 5 mg of the reduced GO was dispersed in 30 mL of deionized (DI) water
through ultrasonication for 1 hour, resulting in a well-dispersed and homogeneous
solution. Subsequently, the synthesized ZnTe nanoparticles were slowly added to the
RGO suspension while maintaining stirring. The mixture was further stirred for 1 hour to
ensure uniform dispersion and then transferred into a hydrothermal autoclave to
synthesize the R-ZT nanocomposite. During this process, the deoxygenation of RGO and
the formation of the R-ZT composite occurred simultaneously in the presence of NaOH
[15]. The resulting grey-coloured residue was collected through -centrifugation,
thoroughly washed, and dried overnight to obtain the R-ZT nanocomposite. The entire

synthesis process of the RGO-ZnTe composite is collectively schemed out in Fig. 3.1.

3.2.5. Fabrication of Schottky Devices
In this report, the electrical characteristics were studied in ZnTe and RGO-ZnTe-based
metal-semiconductor (MS) junction Schottky devices. To fabricate the Schottky barrier

diodes, first, the ITO-coated glass substrates were cleaned using acetone, followed by 2-
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propanol and distilled water. Then, on top of the cleaned ITO-coated substrate, the thin
film of ZnTe and RGO-ZnTe was deposited by the spin coating unit at 1200 rpm.
Subsequently, the as-prepared films were dried in a vacuum oven for 1 h. Next, as a
metallic contact, aluminium (Al) was deposited onto the coated film using a vacuum
coating unit (12A4D, HindHivac) under an atmospheric pressure of 3.2 x10-¢ Torr. In the
deposition method, a typical quad-punch-hole shadow mask was used to control the
effective contact area of the Schottky devices as 7.065x10-¢ m2. The schematic diagram

of the Schottky device structure is portrayed in Fig. 3.2.

N
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Fig. 3.2: Schematic diagram of the fabricated Schottky devices.

3.3. Material Characterizations Techniques

The crystal structure and the constituent phase(s) in the synthesized materials (ZT and
R-ZT) were investigated by the X-ray diffraction (XRD) patterns acquired using a
laboratory X-ray powder diffractometer (Bruker D8, Cu-Ka = 1.5418 A) operated with a
position-sensitive detector and a scan rate of 0.1°/min. The surface morphology of the
vacuum-deposited ZT and R-ZT thin films onto the ITO was examined through field
emission scanning electron microscopy (FESEM) images obtained from an FEI Inspect
F50 instrument. Subsequently, atomic force microscopy (AFM) images were utilized to
assess the surface topography of the MS junctions of the fabricated Schottky diodes. The
impedance spectroscopy (IS) of the MS junction SDs was performed using an Agilent
4294A impedance analyzer. Further, the current-voltage (I-V) measurements of the
fabricated diodes based on ZT and R-ZT were conducted using a semi-automated source

measurement unit (Keithley 2635B).
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3.4. Results and Discussion

3.4.1. Structural Properties

The X-ray diffraction (XRD) patterns of the as-synthesized ZT and reduced graphene
oxide-zinc telluride nanocomposites (R-ZT) are shown in Fig. 3.3. The patterns reveal
distinct Bragg reflections at 20 angles ~ 25.26° 41.81°, 49.50°, 60.63°, 66.74°, and 76.39°,
corresponding to the crystallographic planes (111), (220), (311), (400), (331), and (422)
of ZnTe (black line), as identified by the JCPDS File No. 15-0746 [16]. Besides, the X-ray
spectra (red line) of the R-ZT composites closely resemble those of pristine ZT, exhibiting
sharp peaks that indicate higher crystallinity in the specimens. Notably, no distinct
diffraction peaks corresponding to RGO are observed in the composite, which can be
attributed to the low loading level of RGO and its relatively weaker diffraction peaks [17].
Furthermore, the addition of graphene oxide (GO) does not appear to have influenced the
relative intensities and positions of the Bragg reflections in ZT and R-ZT, indicating the

absence of new crystallographic phases.
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Fig. 3.3: XRD spectra of pristine ZT and R-ZT nanocomposite.

3.4.2. Morphological Studies
The surface morphology of the ZT and R-ZT composites was examined using FESEM
micrographs, as illustrated in Fig. 3.4. In Fig. 3.4(a), the nanoflakes of ZT (diameter ~ 250

- 400 nm) are observed, randomly distributed across the surface. In contrast, Fig. 3.4(b)
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shows the presence of RGO sheets with embedded ZT flakes, arranged over crumpled
graphene layers. In certain areas, agglomeration of ZT flakes can be observed, which is
likely caused by the aggregation tendency of graphene layers due to van der Waals

interactions [15].

1pum EHT= 500kV Signal A = InLens Date :26 Dec 2019
WD= 4.1mm Mag= 1021KX Time 13:47:33

Fig. 3.5: AFM images of the (a,b) ZT/Al and (c,d) R-ZT/Al Schottky contacts.
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The atomic force microscopy (AFM) images, presented in Fig. 3.5, offer valuable insights
into the topography of the fabricated Schottky diodes and their interfacial structures.
Examination of Fig. 3.5(a) reveals a uniform distribution of ZT flakes across the indium
tin oxide (ITO) surface. This even distribution is advantageous for achieving high-quality
Al/ZT Schottky contacts [18]. In the case of R-ZT-based Schottky devices, the uniformity
is even higher, where the ZT flakes are seen to be randomly dispersed over the RGO layers
[Fig. 3.5(c)], exposing a larger surface area to the Al contacts and facilitating efficient
charge transfer. The surface roughness of both the layers on the ITO surface was
measured from the 3D images, as displayed in Fig. 3.5(b) and Fig. 3.5(d), resulting in the
root mean square (RMS) values of surface roughness as 1.68 nm and 1.56 nm for ZT and
R-ZT-based devices, respectively. The lower roughness observed for R-ZT-based SDs
indicates the formation of well-defined interfacial contacts, which enhances the charge

transfer capabilities [19].

3.4.3. Impedance Spectroscopy Analysis

Impedance spectroscopy (IS) is a valuable technique that allows for the investigation of
the frequency-dependent behaviour of Schottky devices incorporating metal-
semiconductor (MS) junctions. In this study, we conducted measurements of bias-
dependent impedance spectra to analyze the characteristics of the fabricated Schottky
devices. The measurements were performed across a voltage range of -0.6 V to +0.6 V
while maintaining a constant oscillating voltage of 100 mV. The frequency was varied
from 50 Hz to 10 MHz. The obtained Nyquist plots, as shown in Fig. 3.6, exhibit distinctive
semicircular arcs. The diameter of these arcs increases as the negative bias voltage
decreases and decreases with the increase of positive biases. These observations
highlight the significant impact of applied bias voltages on the impedance of the MS
junctions [20].

In general, applying a negative voltage to a metal-semiconductor (MS) junction
results in a decrease in the Fermi energy (Er) of the semiconductor compared to the
metal. This leads to an increase in the potential of the semiconductor, resulting in a wider
depletion region and a stronger electronic charge field at the interface. Consequently, a
barrier is formed at the MS interface, impeding the movement of electrons under reverse
bias voltages. Conversely, under forward bias conditions, the Fermi energy level (Er) of

the semiconductor is raised above that of the metal. This causes a reduction in the
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potential across the semiconductor, disrupting the relationship between diffusion and

drift current [21]. As a result, a larger number of electrons diffuse towards the metal

instead of drifting into the semiconductor due to the decreased barrier under forward

bias voltages.

- A -0.6V (Exp. W - 0.6V (Lxp.)
-180 (a ) v -04V }E:IPT: e "m'::“,”
-0.2 V (Exp.) y
-1504 < 0.0V (Exp)
150 +H.2V (|::);.)
® 0.4V (Exp.)
—_ ] 0.6V (Exp.)
E -120
=
O -90
S’
N 60
1
2304
04
T T T T T T T T T T T T
0 100 200 300 400 500 0 100 200 300 400 500 600
Z' (Ohm) Z' (Ohm)
-200 2200
A e e
v 04V (Exp) e iavim)
1604 -0.2V (Exp) g 5
160 (c) < uva:;,l:‘) (d) L .L:”
+02V (Exp) -150 02V (Fitted)
_— ® +04V (Exp) ® 0V (Exp)
E -1204 +0.6V (Exp.) ’é‘ —a“vz(:'mruy
2V (Exp.
é = 100 x +02 \,(“. i::uy
-100 )
=~ -804 g
:N < +0.6 V (Fitted)
N
1 40+ 1 =504
04 m 04
T T T T T T T T T T T T T T
0 75 150 225 300 375 450 525 0 75 150 225 300 375 450 525

Z' (Ohm)

Z' (Ohm)

Fig. 3.6: Experimental and fitted Nyquist plots of the (a,b) ZT and (c,d) R-ZT-based SDs under different

bias voltages.
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Fig. 3.7: Equivalent circuit models for the (a) Al/ZT and (b) Al/R-ZT-based MS junction SDs.

To describe the impedance spectra obtained under different bias voltages, we

employed the equivalent circuit consisting of resistances (R), capacitances (C), and/or

constant phase elements (CPE). Fig. 3.7(a) illustrates the equivalent circuit used for ZT-

based Schottky diodes (SDs), featuring a series of resistance connected to two meshes of
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resistance and constant phase elements, supplemented by a parasitic inductance. In
contrast, R-ZT devices are characterized by an equivalent circuit [Fig. 3.7(b)] consisting
of two parallel RC branches and a series resistance in conjunction with a parasitic
inductance.

The fitted Nyquist curves for both SDs are depicted in Fig. 3.6(b) and Fig. 3.6(d),
respectively. The graphical representations demonstrate a close agreement between the
experimental data and the fitted curves. The summarized results of the fitting analysis
are presented in Table 3.1 and Table 3.2 for ZT and R-ZT-based SDs, respectively. It is
worth noting that the shunt resistance (R1) remains consistent throughout the entire
range of bias voltages. On the other hand, the series resistances, Rz and Rs, exhibit notable
changes as the voltage transitions from reverse to forward bias. Particularly for R-ZT-
based SDs, Rz assumes significantly higher values compared to R3 under reverse bias
voltages. This observation indicates that the R2C1 component in the equivalent circuit
corresponds to the formation of the Schottky barrier at the Al/R-ZT interface, which
hinders the flow of charges across the junction. In contrast, under forward bias, Rz
experiences a sharp decline with increasing bias voltages, resulting in an enhanced
current flow due to the reduced barrier. Further, the variations observed in R3 across the
entire dc bias range are relatively small, and these can be attributed to the ITO/R-ZT
interface, where minor fluctuations may arise due to the presence of inhomogeneity and

defects [22].

Table 3.1: Equivalent circuit parameters obtained for the ZT-based SDs.

Voltage (V) Ri(Q) R:(Q) CPE; (F) R: (Q) CPE; (F) L: (H)
-0.6 8.08 19498  5.00x10® 4057  2.20x10®  1.98 x10-7
-0.4 923 20179  290x10® 6224  1.81x10®  1.79 x107
-0.2 8.92 262.9  2.82x10® 13556  593x10¢  1.82 x10-7

0 8.62 28444  3.08x10® 1472  620x10®  1.83 x107
+0.2 909 24137  235x10®  140.16  5.60x10®  1.74 x107
+0.4 8.06  137.93  4.87x10% 11043  3.82x10®  1.95x107

+0.6 8.48 74.19 6.11 x108 112.33 2.71 x10-8 1.89 x10-7




74 | Exploring Reduced Graphene Oxide...

Table 3.2: Equivalent circuit parameters obtained for the R-ZT-based SDs.

Voltage (V) R:i(Q) R:(Q) C1 (F) R: () C: (F) L1 (H)
-0.6 1451 10146  9.00x101 11846  2.61x10°  2.04 x107
-0.4 1460 13091  9.22x1010 13625  245x10°  2.02 x107
-0.2 1449 24561  122x109 11299  146x10°  2.03 x107

0 1427 27770  150x109 8114  120x10°  2.03 x107
+0.2 1415 10854  1.13x109 6897  1.63x10°  2.09 x107
+0.4 1398 5121  218x109  47.04  9.78x1010  2.12x107
+0.6 1367 3808  139x109 1915  1.31x10°  2.13x107

3.4.4. Current-Voltage (I-V) Measurement

The impedance spectroscopy analysis prompted us to delve deeper into the electrical
characteristics of MS junction SDs based on ZT and R-ZT. Subsequently, the current-
voltage (I-V) characteristics of the fabricated SDs were investigated under both dark and
light conditions, using a bias voltage range of +1 V. As illustrated in Fig. 3.8, the I-V curves
of the Al/ZT/ITO and Al/R-ZT/ITO configurations exhibited the typical nonlinear
rectifying behaviour characteristic of Schottky barrier diodes [23]. The rectification ratio
or the on-off ratio (Ion/off) of the ZT-based SDs was determined to be 13.63 under dark
conditions and 21.19 under light irradiation. Similarly, the R-ZT-based SDs exhibited
rectification ratios of 13.77 and 23.03 for dark and illuminated conditions, respectively.
Notably, the significantly higher current observed under illumination indicates the
photoresponsive nature of the devices [24]. Additionally, the conductivity of both ZT and
R-ZT-based SDs was measured under dark conditions, and a substantial increase in
conductivity was observed with photo-irradiation, as presented in Table 3.3. These
results highlight a significant enhancement in the conductivity of the graphene

composites compared to the pristine ZT-based devices [24,25].
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Fig. 3.8: (a) Schematic representation of I-V measurement and (b) Current-voltage (I-V) characteristics
curve for the ZT and R-ZT-based SDs.

The current vs. voltage (I-V) behaviour of the SDs was further investigated using the
principles of thermionic emission (TE) theory, discussed in the preceding chapter (§
2.5.1) [26,27]. To extract various diode parameters, Cheung's equations were applied

[28,29]. To quantitatively analyze the I-V curves, the following standard equations were

— X| qVD -
J —Jo[e p(nij 1} (3.1)

where | and Jo are the diode current density and the saturation current density,

considered:

respectively, and Jo is given by:

* 2 _¢
J =AT —= 3.2
0 exp( - ) (3.2)

Here, the symbols q, k, T, Vb, Aeft, 11, ¢ and A* represent the electronic charge, Boltzmann
constant, temperature in Kelvin, voltage across the diode, effective diode area, ideality
factor, barrier height and Richardson constant, respectively. Additionally, taking into
account the series resistance (Rs), Eq. (3.1) can be expressed as:

V -JA:R

J=J |expy——MM™M = >—
o| &P nkT

In this equation, the term JAeffRs represents the voltage drop across the series resistance.
By applying the Cheung and Cheung analysis, the relationship between the ideality factor

and the series resistance can be expressed as [24]:
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dv nkT
G@)= =|— [+A_JR 3.4
( ) d(|n J) ( q )—’_ eff S ( )

Furthermore, the effective barrier height (¢8) can also be determined using the following

equation:

H(J)=V-(%jln(A3sz (3.5)

By mathematical formulations, Eq. (3.5) also can be expressed as:

H(3)=JAR, +19, (3.6)

In the following section, Fig. 3.9 showcases the graphical representation of G (J) vs. ] and
H (J) vs.] for both the dark and light conditions for both of the fabricated SDs. The crucial
parameters, namely, ideality factor (1) and series resistance (Rs) were obtained by
analyzing the intercept and slope of the linear plot of G (]) vs. ], respectively. Additionally,
the barrier height (¢s) was estimated based on the intercept of the H (J) vs. ] plot.
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Fig. 3.9: G (J) vs.] and H (J) vs. ] plot for the ZT (dark (a) and light (b)) and R-ZT (dark (c) and light (d))
based Schottky devices.
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The findings, presented in Table 3.4, reveal that the MS junction formed in the devices
deviates from ideal behaviour, primarily due to the presence of interfacial defects and the
inhomogeneity present at the Schottky contacts [30]. However, exposure to light resulted
in an improved ideality factor (n) approaching 1, indicating a more ideal device.
Furthermore, the evaluated barrier height (¢g) values suggest a slightly lower turn-on
voltage when illuminated. The observed higher rectification ratio under photo irradiance
could be attributed to the reduced barrier height. Notably, the series resistance exhibited
a significant decrease in the presence of light, leading to a substantial increase in the
photocurrent, which can be attributed to the enhanced homogeneity of Schottky contacts
and reduced carrier recombination under photo illumination [31]. The summarized
values of 1, s and Rs in Table 3.4 underscore the improved performance of the R-ZT-
based devices following light exposure. These findings highlight the tremendous
potential of R-ZT in various optoelectronic devices, solidifying their significance in the

field.

Table 3.3: Charge transport parameters.

Conductivity (o) Photo- Rectification

(S.m-1) sensitivity Ratio (Ion/ofr)
Dark Light - Dark Light
ZT 4.36 x10-5 5.71 x10-5 1.75 13.63 21.19
R-ZT 3.96 x10-4 1.07 x103 2.24 13.77 23.03

Table 3.4: Schottky diode parameters.

Ideality factor (1) Barrier height (¢s) Series Resistance
(eV) (Rs) (kQ)
Dark Light Dark Light Dark Light
ZT 0.60 0.84 0.73 0.72 28.87 20.81

R-ZT 0.72 0.93 0.68 0.64 3.12 1.22
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3.5. Conclusions

In this study, we successfully synthesized ZT nanoflakes and their graphene composites
through a simple hydrothermal method. Subsequently, we fabricated metal-
semiconductor junction Schottky diodes using both pristine ZT and R-ZT composites and
extensively investigated their device structure using FESEM and AFM micrographs. By
performing a comprehensive analysis of the fabricated Schottky diodes and employing dc
current-voltage measurements, we gained valuable insights into their diode behaviour at
the metal-semiconductor junctions, as well as their charge conduction mechanisms. To
further enhance our understanding of the interface properties within the fabricated
diodes, we developed an ac equivalent circuit model. By utilizing ac impedance
spectroscopy, we were able to conduct a detailed analysis of different interfaces and their
charge transport properties, which would not have been feasible through dc analysis
alone. Notably, the R-ZT-based Schottky diodes exhibited superior diode characteristics
and enhanced charge transport properties, positioning them as promising candidates for

applications in rectification and optoelectronics.

kksk
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4.1. Introduction

Dye wastewater released into water bodies mainly by textile industries is becoming a
major environmental concern, causing several ecological problems [1]. In the past few
decades, different physicochemical and biological attempts based on chemical and
physical adsorption techniques were made to degrade these industrial effluents, but they
are not cost-effective from an economical point of view and often produce secondary
pollutants [2]. Among all advanced oxidation methods known to date, the photocatalytic
route based on semiconducting materials has shown considerable efficiency in
wastewater decontamination processes [3]. Thus far, a large number of compound
semiconductors have been investigated for organic dye decomposition since they possess
an excellent larger absorbance cross-section and higher environmental stability [4,5].
The semiconductor materials though have excellent potential in the area of organic dye
decolourization; they also suffer from the shortcomings of having wide bandgaps and
comparatively shorter life span of excitons - limiting the usage of these semiconductors
in practical applications [6]. As an example, TiO2, which is one of the most promising
materials for the decomposition of many organic pollutants, responds only in the UV
region of the electromagnetic spectrum, attributed to its wide bandgap (~ 3.2 eV) [7,8].
This causes fewer redox reactions with the pollutants and detrimentally affects its
degradation efficiency [9].

On the other hand, Zinc telluride (ZnTe), which is an important group II-VI
compound semiconductor having a direct bandgap ~2.26 eV, has shown immense
potential in a wide range of applications in solar cells [10], light-emitting diodes (LED)
[11], optoelectronic devices [12], COz reductions [13], as well in wastewater treatment
[14-16]. The solution-processed ZnTe nanostructures demonstrate a few excellent
features, namely, low production cost, large surface area, good environmental stability,
excellent reusability and prominent visible-light absorption - which make them a
prospective photocatalyst. However, they also have an inherent shortcoming in that the
fast electron (e-)-hole (h*) recombination in ZnTe nanomaterials is responsible for their
weak photocatalytic performance, particularly under visible light irradiation. Several
attempts were made to decrease the electron-hole recombination in these materials, and
thus promote the electron transfer during the photocatalytic process. Among them, the
synthesis of graphene-based composite is considered one of the most effective remedial

techniques [17,18], wherein, the easily processed, low-cost graphene oxide (GO) and/or
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reduced graphene oxide (RGO) possess high specific surface area alongside manifesting
superior conductivity [19-21]. The presence of different functional groups further allows
the GO sheets to exfoliate easily in water thereby producing stable dispersions. These
exfoliated GO sheets owing to possessing a large surface area also provide sufficient
interfacial contact with the nanoparticles, which in turn, suppress the recombination of
photo-generated electron-hole pairs and thereby enhance the charge transfer facility
[22]. The present work describes the synthesis of a reduced graphene oxide-zinc telluride
(RGO-ZnTe) nanocomposite and identifies its potential in the degradation of organic dye
(Rhodamine B) under visible-light irradiation. The associated enhancement in the
transport properties of the charge carriers and the role of their mobility in dye

degradation are discussed in detail in this report.

4.2. Materials and Methods

The synthesis procedure of the ZnTe and RGO-ZnTe nanocomposites and the fabrication

of the Schottky diodes were discussed in detail in the previous chapter (§ 3.2).

4.3. Material Characterization Techniques

The material characterization techniques adopted in the preceding chapter (§ 3.3) have
been consistently utilized in this chapter. Additional techniques include:

The surface morphology and the elemental composition were studied with the FEI
Inspect F50 field emission scanning electron microscope (FESEM) and the integrated
energy dispersive X-ray (EDX) analyser, respectively. The microstructural information of
the nanocomposite was analysed with the JEOL JEM 2100F field emission gun (FEG)
transmission electron microscope (TEM). The X-ray photoelectron spectroscopic (XPS)
(Omicron Nanotechnology) measurement technique, using Al-Ka radiation (E = 1486.7
eV) was employed to probe the surface electronic states of the existing elements and the
reduction state of GO. The absorption spectra of synthesized materials and their
photocatalytic behaviour were investigated using a UV-Vis spectrophotometer (Perkin
Elmer, Lambda 365) and a low-cost solar simulator (Abet Technologies, Model 10500),
respectively. The photo luminance spectra of the samples were collected by a
spectrofluorimeter (PerkinElmer LS55). The thermal stability of both of the materials
was investigated by thermogravimetric analysis (Perkin Elmer Pyris Diamond TG/DTA)

in the temperature range of 25-750 °C under an Nz atmosphere. For the interpretation of
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the Brunauer-Emmett and Teller (BET) specific surface area of the nanomaterials, the N2
adsorption-desorption was performed at 77K (Autosorb iQ2, Quantachrome

Instruments, USA).

4.4. Results and Discussion

4.4.1. Structural Properties

2 XRD Analysis

Rietveld refinement of the as-synthesized ZT and R-ZT composite was carried out using
the MAUD program [23] and the fitted XRD patterns are presented in Fig. 4.1. Fig. 4.1(a)
displays the observed Bragg reflections of the as-prepared ZT specimens at 26 = 25.26°,
41.81°,49.50°, 60.63° 66.74° and 76.39°, assigned to (111), (220), (311), (400), (331) and
(422) crystallographic planes (JCPDS File No. 15-0746), were refined according to the
crystal structure of ZnTe [13]. The corresponding crystal structure is also available at
Crystallography Open Database (COD) entry no. 1540103, having a space group Fm — 3m
[24]. Additionally, a pair of very weak peaks at 26 = 27.61° and 36.27° of zinc oxide (ZnO)
and tellurium dioxide (TeO2) respectively, were also detected in the specimens, which
have corresponding COD entry nos. 2107059 and 1520934. The incidence of these two
peaks could be attributed to the residual zinc and tellurium, precipitated and oxidized

during hydrothermal treatment [25-27].

= (a) zute ) (b) |— Fittea
0 S5 =1 TeO2
< Sa s =- ,_\ ZnO
Cre g J 8 § %8 4§ . —— ZnTe
f‘. PO A s w N = - Experimental
. 8 .
: RGO ZiTe ) S Difference
= z &
wn 72} )
5 l . A A § ~ —~ s =~ a
N L R > N L 1
= JCPDS File No. 15-0746 = L e A S ¥ 28 §
o e e P T - ~ ~
J i} - Ao A A
r.]’\ ) A n A A
L ——
20 30 40 50 60 70 80 20 30 40 50 60 70 80
20 (Degree) 20 (Degree)

Fig. 4.1: (a) XRD spectra of as-synthesized ZT and R-ZT nanocomposite. (b) Rietveld refinement of the ZT
specimen.

The quality of refinements in Fig. 4.1(b) was ascertained from the ‘goodness of fit’

parameter values lying close to unity, which is standard practice while carrying out
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Rietveld structure refinement. The presence of a trace amount of secondary phases is
easily discernible from the deconvoluted XRD pattern in Fig. 4.1(b), presented as a
representative of the pure ZT specimen. The refinement yields a lattice constant value of
a=6.1031 A for pure ZT, increasing to a = 6.1048 A for the R-ZT composite, indicating an
insignificant lattice expansion ~ 0.03% due to the incorporation of RGO with ZT.
Interestingly, although the R-ZT composite XRD pattern in Fig. 4.1(a) resembles closely
that of pure ZT, including the presence of trace ZnO and TeO: phases, they reveal
markedly, sharp peaks, suggesting the higher crystallinity in the specimens. A further
observation from Fig. 4.1(a) is that the addition of RGO did not affect the relative
intensities and positions of the Bragg reflections in ZT and R-ZT which could result in the
growth of new crystallographic phases. Also, no characteristic diffraction peaks for RGO
were noticed in the composite, which is attributed to the low level of loading and
comparatively weaker diffraction peaks of GO [28]. The interplanar spacing (d) of the ZT
crystal is measured from Bragg’s equation (2dSin® = nA) as 3.50 A corresponding to
(111) lattice planes. Moreover, the X-ray diffraction was performed for the synthesized
Graphene oxide (GO) and reduced graphene oxide (RGO). The signature peak of the
graphene oxide was found at 10.9° in the XRD pattern in Fig. 4.2(a). This authenticates
the successful formation of GO from the graphite powder. After hydrazine treatment, the
peak at 10.9° was almost diminished and a new and wide peak at 24.7° is observed in Fig.

4.2(b), indicating the reduction of GO [29].
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Fig. 4.2: XRD spectra of (a) GO and (b) RGO.
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O FESEM Study

The morphology and microstructural information of the synthesized materials were also
confirmed by electron microscopy studies. Firstly, the FESEM image presented in Fig.
4.3(a) displays the distribution of ZT nanoparticles over the crumpled graphene layers in
the R-ZT composite. Some random agglomeration of ZT nanoparticles is also observed,
which might occur from the aggregation tendency of the graphene layers due to the van
der Waals interaction [29]. The corresponding EDX spectra presented alongside in Fig.
4.3(b) confirm the presence of constituting elements (Zn, Te, C and O) in the
nanocomposite. Furthermore, the quantitative analysis of the EDX reveals that the molar
ratio of Zn to Te of the synthesized material was very close to unity, suggesting the

formation of stoichiometric ZT nanoparticles.

(b)

Fig. 4.3: (a) FESEM image and (b) EDX spectra of the R-ZT nanocomposite.

< TEM Study

The TEM microstructures in Fig. 4.4(a) and Fig. 4.4(b) are under different magnifications,
wherein, the ZT are nearly spherical nanometric-sized particles and they are dispersed
uniformly over the wrinkled 2D RGO layers [30]. This kind of situation would help in
establishing a close interface with minimal aggregation of the particles and an intimate
bond is formed between the ZT and the RGO layers [31]. The formation of the intimate
bonding between the ZT and RGO layers would assist the transfer of charge carriers and
thereby should inhibit their recombination. The high-resolution transmission electron
microscopy (HRTEM) image shown in Fig. 4.4(c) corresponds to an interplanar spacing
of ~ 3.49 A fringe spacing for the (111) crystallographic planes of cubic ZT lattice,
agreeing reasonably well with ~ 3.50 A obtained from the XRD analysis. Fig. 4.4(d) shows



88 | Effect of Higher Carrier Mobility...

the selected area electron diffraction (SAED) pattern of the ZT nanoparticles with

concentric diffraction rings, indicating the polycrystalline nature of the specimen.

Fig. 4.4: (a) and (b) TEM images of the R-ZT nanocomposite. (c) High-resolution TEM and (d) SAED
pattern of ZT nanoparticles over RGO layers.

< XPS Study

X-ray Photoelectron Spectroscopy (XPS) study of the R-ZT nanostructures was
performed to examine the chemical composition of the surface and oxidation state of the
metallic ions. The presence of the Zn, Te, C and O in the R-ZT nanocomposite was
validated by the survey spectrum in the energy range of 0-1200 eV and shown in Fig.
4.5(a). The XPS peak of C 1s for the R-ZT composite was deconvoluted into four
constituent Gaussian peaks in Fig. 4.5(b), and they are centred around the binding
energies: 283.76, 285.07, 287.16 and 290.07 eV, which are ascribed to the C=C, C-OH, C=0
and 0-C=0 bonds, respectively [32]. The incidence of relatively low intense oxygenated
functional groups implicates their partial elimination, besides the existence of the
restored graphitic segment in the composite material [29]. This, on one hand, has an

obvious ramification in that the restored graphitic layers favour the electron transfer,
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while on the other hand, the Oz containing functional groups would incite establishing a
strong interaction among the nanocomposite and the aqueous solution during the

photocatalytic degradation [33,34].
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Fig. 4.5: (a) XPS survey and (b) C 1s spectrum of the R-ZT nanocomposite. The HR-XPS spectrum of (c)
Zn-2p and (d) Te-3d states.

Fig. 4.5(c) further shows the high-resolution XPS spectrum corresponding to the
Zn 2p doublet. The splitting of the 23.1 eV core level into Zn-2p3,2 and Zn-2p1/2 levels
indicates the 2+ oxidation state of Zn. On the other hand, two peaks corresponding to Te
are identified in Fig. 4.5(d) at binding energies: 573 and 583.1 eV, respectively
representing the 3ds/2 and 3d3/2 transitions and thereby validating the establishment of
Zn-Te bonding. Additionally, it is also discernible that the two Te peaks are accompanied
by a pair of small, but prominent peaks corresponding to energies: 576.1 eV and 586.8
eV, arising out of the 3ds/2 and 3ds/2 transitions due to the incidence of other tellurium
oxides (TeOz and Te03), respectively. The existence of secondary tellurium oxides in the

present study has also been confirmed in the XRD patterns fitted according to Rietveld
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refinement [Fig. 4.1(b)], which has been accredited to the oxidation of tellurium-rich
phases of ZT during the hydrothermal process [35,36]. Nevertheless, Baghchesara et al.
reckon that these oxidation states of Te could be diminished by growing the ZT at a

relatively higher temperature [37].

4.4.2. Optical Properties

< UV-visible Spectroscopy

The UV-visible absorbance spectra of as-synthesized ZT and R-ZT nanocomposite
presented in Fig. 4.6(a) were recorded in the wavelength range 200-900 nm to study their
optical properties. The optical band gap (Eg) of the nano-catalysts was derived employing
Tauc’s equation (Eqg. 4.1) in the fundamental absorption edge of the UV-visible absorption

spectroscopy. According to Tauc’s equation [38]:

(ahv)n =A(hv—Eg ) (4.1)

where a is the absorption coefficient, Eg is the bandgap, h is Planck’s constant, v is
frequency, A is a constant, and n = 2 and % corresponds to the allowed direct and indirect
optical transition respectively.

The estimated value of the bandgap of pure ZT nanoparticles using Tauc’s plot
[Fig. 4.6(b)] was 2.11 eV, which is in good agreement with the previously reported value

[39]. The broadness of the absorption band of the R-ZT composite material as compared
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Fig. 4.6: (a) Optical absorption spectra of pure ZT and R-ZT composite. (b) Tauc’s plot for the optical band
gap of pure ZT.
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to pristine ZT indicates improvement in the photon absorption and proliferation of the

electron-hole pair in the photocatalytic experiment.

ZnTe
= RGO-ZnTe

Intensity (a.u.)

375 400 425 450 475 500 525
Wavelength (nm.)

Fig. 4.7: Photoluminescence spectra of ZT and R-ZT nanocomposite.

< Photoluminescence (PL) Spectroscopy

Photoluminescence (PL) spectroscopy is a useful tool to reveal the interaction between
the electrons and holes that are generated by photon excitation. Fig. 4.7 shows the PL
spectra of as-synthesized ZT and R-ZT nanocomposite under 315 nm excitation. The
pristine ZT exhibits a prominent emission centred around 418 nm, whose intensity
significantly diminishes after loading GO sheets - due to the existence of strong interfacial
interaction in the composite material, which renders a dedicated pathway to the
electrons and holes for establishing interaction between the ZT and GO layers [40,41].
The electrons thus could easily migrate from the excited ZT and the ‘quenching’ of
fluorescence occurs. Such extended separation between the photo-generated charge
carriers and their swift transportation essentially enhances the photocatalytic processes

[42,43].

4.4.3. Thermal Stability Study

The thermal stabilities of the as-synthesized ZT and R-ZT nanocomposite were probed by
the thermogravimetric analysis (TGA), performed at gradually increasing temperatures
(10 °C/min) from 25 °C to 750 °C in an N2 atmosphere. Fig. 4.8 depicts the TGA spectrum
of the R-ZT composite, exhibiting two distinct stages of weight loss with 99.65% residue
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Fig. 4.8: TGA curves of pure ZT (inset) and R-ZT nanocomposite.

up to 700 °C. The first weight loss took place approximately at 65-185 °C, indicating the
desorption of solvents and absorbed moisture, followed by a step-like second stage (435-
625 °C), wherein the oxidation of RGO and phase transformation of ZT occurs. On the
other hand, the pure ZT also underwent a rapid weight loss in the temperature range of
510-715 °C, thereby leaving about 70% residue [44]. These results reveal that RGO
loading imparts higher stability to the R-ZT composites, as compared to the pristine ZT.

4.4.4. BET Surface Area Studies
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Fig. 4.9: N2 adsorption-desorption isotherms for (a) ZT and (b) R-ZT nanocomposite.

The N2 adsorption-desorption isotherms (Fig. 4.9) at 77 K (-196 °C) were also recorded

to obtain information about the Brunauer-Emmett-Teller (BET) specific surface for the
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pure ZT and R-ZT nanocomposite [45]. The BET analysis estimates that the specific
surface area of pristine ZT and R-ZT composites were 24.58 m?g1 and 36.31 m?g’l,
respectively, expectedly indicating a higher surface area in the graphene-based
composite [13]. In photocatalytic applications, a higher absorbance cross-section is
always desirable since the larger the surface area, the higher will be the photo-absorption
and consequently, the diffusion of molecules is also enhanced. Fig. 4.9, therefore,
indicates that the graphene composite is expected to fulfil those requirements, which is

now demonstrated in the following.

4.4.5. Electrical Properties

< Current-Voltage (I-V) Measurements

To interpret the electronic charge transport properties of the synthesized materials, the
current-voltage (I-V) characteristics for the fabricated Schottky devices (Al/ZT/ITO and
Al/R-ZT/ITO), as displayed in the previous Chapter (§ 3.3.4), were studied by applying a
dc bias voltage of #1 V at room temperature under dark and light (~1000 W/m?)
conditions. The dc conductivity (o), which is a measure of the charge flow, was estimated
from the linear region of the diode characteristic curves [Fig. 4.10(a)] for both the devices
studied under different conditions (Table 4.1). The significant rise in current density after

light irradiation indicates the photo-responsive nature of the materials. The

Photosensitivity (S), definedas S=1,/l, (where I, =1, -1, is the photo-induced current

and |, is the current under dark) was further deduced for both devices [46]. The

graphene-based device, which possesses a strong absorption ability, displayed higher
sensitivity than its counterpart with pristine ZT (Table 4.1). Also, the higher conductivity
of the composite material in Table 4.1 implicates enhancement in charge transportation
alongside improved mobility. For any semiconducting material, carrier mobility is very
important because it decides how fast a carrier, i.e., electrons and/or holes would
advance through its complex network before reaching the active sites, wherein, they
finally recombine with each other. Since RGO offers higher electron mobility (~10% cm?/Vs
at 300K), it is expected to also assist their passage and electron-hole pair separation
through its high-grade 2D network [47].

To elucidate the inclusive influence of RGO in the charge transport mechanism and
photodegradation process, the I-V characteristics were further analysed by interpreting

the carrier's mobility (pesf) and lifetime (t) based on semiconductor theory. For this
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purpose, the log (I) against log (V) for positive voltages are plotted in Fig. 4.10(b),
wherein, three distinct linear regions can be delineated implying different conduction

mechanisms.
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Fig. 4.10: (a) Current-voltage (I-V) characteristic curves and (b) I-V plot in logarithmic scale for the pure
ZT and R-ZT composite-based Schottky diodes under the dark and light conditions.

Mainly, in a metal-semiconductor junction, the interfacial trap states alter the
conduction of charge carriers and thus reform the I-V characteristic curves. At low bias
(region-I), the Ohmic behaviour (I a V) with a slope about unity is observed. In this region,
the current is mainly driven by the charge carriers that are intrinsic to the material under
investigation [48]. Moving on to region Il in Fig. 4.10(b), the injected carriers from the
contacts are spread over the intrinsic ones for intermediate potential difference values
and they develop a spatially distributed charge field. The charge carriers are then
governed by this field and their ‘mobility’ predominantly controls the quadratic current
(I o V2) in this region [49,50]. Finally, for even higher applied voltages, the device
surpasses the trap-filled limit when the injection level of electrons is so high that the
conduction is due to the ‘trap-free space-charge limited current’ followed by the power-

law (I a V1, where n > 2) and that this corresponds to region IlI in Fig. 4.10(b) [50].

< Estimation of the Charge Transport Parameters

To obtain a better understanding of the charge transport mechanism, the I-V
characteristics were further analysed by deciphering the effective carrier's mobility (e)
and lifetime (1) from region II [Fig. 4.10(b)] based on the space-charge limited current
(SCLC) theory [49]. Fig. 4.11(a) and Fig. 4.11(b) display the current (I) vs. voltage? (V?)
plot for the SCLC region for ZT and R-ZT composite, respectively. The dielectric constant



Chapter 4 | 95

of the synthesized materials (€,.), the mobility (pef), and the lifetime or transient time (1)

of the charge carriers were estimated employing the following equations:

C,d

& = (4.2)
Eo Ay
glueffgogrp\eff V2

| =0T R T 4.3

: [ = (4.3)

9gogrAeff V

=— = (= 4.4

r=— (D) (44

The detailed elucidation of all the symbols used in the aforementioned equations was
provided in Chapter 2 (§ 2.5.2). Also, the plot illustrating the capacitance (C) vs. frequency
(f) characteristics for both ZnTe and RGO-ZnTe films is presented in Fig. 4.12.
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Fig. 4.11: The current (I) vs. voltage? (V2) plot for the SCLC region for (a) ZT and (b) R-ZT composite.

The estimated values of pefr and T are also presented in Table 4.1. The higher
mobility of graphene and its impressive contribution to the smooth transfer of charge
carriers was portrayed in our results. The graphene-based composite exhibited better
carrier mobility and lifetime than the as-synthesized ZT nanoparticles. The results are
consistent with the previously reported data for the RGO-based inorganic composite
[53,54]: For both dark and light conditions, the mobility of the carriers was significantly
increased by almost 10-12 times (Table 4.1). This enrichment in mobility as well as in

lifetime could enhance the charge transfer efficiency and thus, the photocatalytic activity.
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Fig. 4.12: Capacitance (C) vs. frequency (f) plot for (a) ZnTe and (b) RGO-ZnTe thin film.

Table 4.1: Charge transport parameters.

Sample Photo- Conductivity (o) Mobility (pesr) Lifetime (1)
sensitivity
(Sm1) (cm?V-1s1) (s)
Condition - Dark Light Dark Light Dark Light
T 1.75 436 x105 5.71x105 3.56x103 6.49 x103 291 x10°¢ 1.81x10°
R-ZT 2.24 3.96 x10#* 1.07 x103 3.54x102 8.13x102 3.11x107 1.39 x107

< Transient Photocurrent Measurements and Nyquist Plots

To investigate the photo-electrochemical properties of the as-prepared catalysts, the
transient photo-response spectra and EIS Nyquist plots were obtained and displayed in
Fig. 4.13(a) and Fig. 4.13(b), respectively [55]. As expected, the photocurrent intensity of
the R-ZT composite was found to be much higher than the pristine ZT. This result
indicates that the incorporation of RGO into the ZT nanoparticles could facilitate the
separation of the photo-generated electrons and holes and their swift transfer through
the 2D graphene channels [56]. Furthermore, the EIS Nyquist spectra, which is also a
powerful tool to investigate the conductance and charge transfer facility, showed a much
smaller diameter of the semi-circular arc for the R-ZT composite than the pristine ZT [Fig.
4.13(b)]. This result affirms that the introduction of RGO significantly decreased the

charge transfer resistance in the composite material, facilitating the migration of
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electrons and holes to the active sites during the degradation process, as discussed below

[5,57].
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Fig. 4.13: (a) Transient photocurrent response and (b) EIS Nyquist plots of pristine ZT (inset) and R-ZT
composite.

4.4.6. Photocatalytic Activity
< Photo-degradation Process
The photocatalytic performance of the as-prepared samples was measured by
photocatalytic degradation of RhB under solar-simulated visible light irradiation. In the
typical experiment, 30 mg of the samples and 1 mL H202 were dispersed in 100 mL of RhB
aqueous solution (100 ppm). The mixed suspensions were magnetically stirred for 30
minutes in the dark condition to attain an adsorption-desorption equilibrium. Under
ambient conditions and stirring, the mixed suspensions were exposed to visible light
produced by a solar simulator (Abet Technologies, Model 10500). At regular time
intervals, 3 ml of the suspensions under investigation were extracted and centrifuged to
remove the suspended impurities. The absorption of RhB in the filtrate was then
examined using a UV-Vis spectrometer and the degradation process was analysed.

For the recyclability test, the catalyst was extracted after the degradation cycle by
centrifugation and washed with isopropyl alcohol followed by Millipore water and reused
in the next cycle. In this study, all the experiments have been repeated three times to find

their catalytic activity.
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Fig. 4.14: (a) Absorption spectra of aqueous RhB solution for different time intervals in the presence of R-
ZT nanocomposite under the solar simulator. (b) Photocatalytic decomposition behaviour and (c) plot of In
(Co/C) vs.irradiation time for RhB solution in the presence of different catalysts. (d) Recycling performance
of R-ZT catalyst for RhB degradation.

< Photo-degradation Behaviour and Performances

The photocatalytic degradation of RhB under simulated solar light irradiation is used to
study the photocatalytic behaviour of pristine ZT and R-ZT nanocomposite. The
degradation process was studied by monitoring the major absorption peak of RhB
aqueous solution centred at 553.5 nm with the help of a UV-Vis spectrometer [Fig.

4.14(a)] and the degradation process was analysed by the following equation:
Degradation = (ﬁ ><100J % (4.5)
0

where Co and Ct represent the concentration of RhB at the time zero and ‘t’, respectively

[58]. The linearity of the In(Co/C) vs. illumination time (min) [Fig. 4.14(c)] for both pure
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ZT and R-ZT composite demonstrates the existence of pseudo-first-order degradation
kinetics [59]. Under solar light irradiation for 270 minutes, no considerable change in the
RhB concentrations was observed for catalyst-free suspensions. After adding the pure ZT
catalyst, the RhB solution was found to be bleached up to 23% of its initial concentration.
On the other hand, the R-ZT nanocomposite exhibited an enhanced degradation of 66%
due to the synergistic effect of ZT nanoparticles and RGO [Fig. 4.14(b)]. Further, the
recycling test [Fig. 4.14(d)] showed that the degradation efficiency of the R-ZT catalyst

does not change conspicuously even after repetitive usage up to three cycles.

< Adsorption of RhB by the Photocatalysts

The adsorption of RhB on the photocatalysts was measured before the degradation
experiments since the pre-adsorption of the dyes aids the migration of the charge
carriers. The adsorption experiments were performed by continuously stirring 100 mL
of aqueous RhB solution with 30 mg of each catalyst (ZT and R-ZT) for 30 min in the dark
condition [60]. Fig. 4.15 displays the adsorption profiles of aqueous RhB solution as a
function of time in the dark on the pristine ZT and the R-ZT composite, respectively. The
pristine ZT demonstrated no adsorption in the dark, as the concentration of the RhB
solution remained almost unchanged. In addition, the R-ZT composite also showed
negligible adsorption behaviour to RhB, which was less than 1% for 30 min of stirring.
These results indicate that the adsorption of RhB by the catalysts would not significantly

impact the photo-induced degradation process, which is discussed in the following
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Fig. 4.15: The adsorption profiles of aqueous RhB solution on the pristine ZT and the R-ZT composite, as
a function of time in the dark.
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< Identifications of Reactive Species

The reactive species in the photocatalytic degradation process were identified by the in
situ capture experiments. In these tests, isopropyl alcohol (IPA), disodium
ethylenediaminetetraacetate (EDTA-Naz) and N2 atmosphere were used as scavengers in
the degradation process. The absorption plots of the degraded RhB by R-ZT in the
presence of different scavengers are shown in Fig. 4.16. The role of the active species was
determined from the variation of C/Co with irradiation time (Fig. 4.17) of RhB after the

scavengers were added to the photocatalytic system [61].
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Fig. 4.16: UV-vis absorption spectra of degraded RhB aqueous solution by R-ZT in the presence of (a)
Isopropyl alcohol (b) EDTA-Naz (c) N2 atmosphere and (d) No scavengers.

As seen in Fig. 4.17, the RhB solution degraded up to 45% of its initial
concentration for 270 min irradiation time. It demonstrates that the decomposition of
RhB was slightly suppressed in the presence of IPA, a hydroxyl (OH*) quencher, as
compared to 34% in the absence of scavengers. This finding indicates that OH* has a mild
effect on the photocatalytic degradation of RhB using the R-ZT catalyst. In the case of
EDTA-Naz, a quencher of h*, the value of C/Cowas not reduced below 86%, indicating that
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holes play a significant role in the RhB degradation. On the other hand, the normalised
concentration (C/Co) was moderately diminished up to 68% when the reaction was
carried out in an N2 atmosphere, a quencher of Oz*-. This suggests that the 02*- radical is
also markedly responsible for the photocatalytic degradation of RhB. The above
observations suggest that although all the reactive species contribute to some extent, h*

and O2°- radicals play a pivotal role in the photodegradation of RhB [60].
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Fig. 4.17: Photocatalytic degradation of RhB aqueous solution by R-ZT in the presence of IPA, EDTA-Naz,
N2z atmosphere and no scavengers.

< Optimization of the RGO Content in the Composites

To determine the optimum composite photocatalyst for achieving the highest
photocatalytic activity, the R-ZT composites with different RGO content were prepared
and they were labelled as “R (x%)-ZT”, where x stands for the weight % of the RGO (0%,
2%, 5% and 6.67%). Fig. 4.18 shows the variation of RhB concentration (C/Co) with time
in the presence of different catalysts under visible-light irradiation for 270 min
irradiation. It was seen that no considerable change in the RhB concentration was
observed for catalyst-free suspensions. After adding the pristine ZT catalyst, the RhB
solution was found to be bleached up to 23% of its initial concentration. On the other
hand, the RhB solution was degraded up to 51%, 66% and 62% with the R(2%)-ZT,
R(5%)-ZT, R(6.67%)-ZT, respectively. The result demonstrates that the photocatalytic

activity of R-ZT composites was first enhanced and then diminished with the increasing
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amount of RGO. Among the prepared samples, the composite with 5% RGO content

showed the highest photocatalytic activity (66%).
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Fig. 4.18: (a) Changes in concentration vs. time and (b) In (C0/C) vs. time plot in the presence of different
catalysts under visible-light irradiation.

< Photo-degradation Mechanism

To explain the synergy between RGO and ZT in the composite material, the photocatalytic
decomposition process was analyzed. Under visible light irradiation, interfacial excitons
originated over the surface of ZT nanoparticles and subsequently, separated into free
electrons and holes in the conduction band (CB) and valence band (VB) respectively.
However, these photogenerated electrons and holes tend to recombine before appearing
at the active sites and thus, a poor photocatalytic reaction is observed. When ZT
nanoparticles are attached to the RGO, the photoinduced electron in the CB of ZT could
be efficiently separated at the graphene interface leaving behind a hole in the VB of ZT
due to their preferable energy levels (Fig. 4.19) [39,62]. Thus, the photogenerated
electrons in ZT can easily reach the active sites through the RGO platform and reduce the
dissolved Oz present in the aqueous medium to generate the highly reactive superoxide
radical anion (02*-), which can further react with H20 to form hydroxyl (OH*) radical [63].
Meanwhile, the photoinduced holes may also react with H20 or OH- and oxidize them into
OH* [64]. These 02°-, OH* and the photogenerated holes cooperatively participate in the
decomposition process of the RhB solution [65,66]. A schematic representation of the

photocatalytic mechanism of the R-ZT photocatalysts is displayed in Fig. 4.19.
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Fig. 4.19: A plausible mechanism of the photocatalytic degradation process of RhB containing R-ZT
catalyst under solar light irradiation.

4.5. Conclusion

The ZT nanoparticles were successfully synthesized and the incorporation of the RGO
sheet with ZT was supported by XRD, TEM, FESEM, XPS, PL and UV-Vis spectroscopic
data. The charge transport dynamics and the significance of higher carrier mobility of the
photocatalysts in the degradation RhB were studied. The graphene composite exhibited
relatively higher photocatalytic activity than the bare ZT under visible-light irradiation.
The higher mobility of the graphene-based composite material assisted the photoinduced
charges in swiftly travelling between active sites and target molecules during the
degradation process. The strong interfacial contact, along with higher visible light
absorption and low electron-hole pair recombination mainly contributed to the enhanced
photocatalytic performance of the composite materials. Conclusively, our findings have
shed light upon the design and the charge transfer mechanism of graphene-
semiconductor-based R-ZT composite material, which could be a promising

photocatalyst finding diversified applications in wastewater treatment.
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5.1. Introduction

Wastewater released by the textile industry is a major cause of ecological imbalances and
environmental concerns. Azo dyes, commonly used in textile production, contain high
levels of aromatic rings and strong colours, making them harmful and carcinogenic to
both humans and animals [1]. In recent decades, various biological and physio-chemical
methods have been adopted to degrade these complex dyes; however, many of these
methods are not cost-effective and they often produce hazardous by-products [2]. Among
the wvarious Advanced Oxidation Processes (AOPs), photo-induced catalytic
decomposition has garnered significant attention from researchers due to its economical
and green approach to environmental remediation. Metal oxides and sulphides, including
TiOz [3], ZnO [4], ZnS [5], CdS [6], ZnSe [7], WO3 [8] and CeO2 [9] have been employed to
bleach the industrial effluents through photocatalytic decomposition methods. However,
these single metal oxides or sulphides suffer from several shortcomings, such as a low
surface-to-volume ratio, broad optical bandgaps, and short lifetimes of photo-generated
electron-hole pairs that limit the number of excitons produced upon light illumination
[10]. Even if the excitons are produced, their rapid recombination hinders an efficient
degradation process. For example, ZnO, despite having a higher hydroxyl ion-generating
ability, suffers from fast electron-hole pair recombination for catalytic activities [11];
while TiOz, despite being an excellent candidate for dye degradation, only responds only
in the UV region of electromagnetic radiations due to its wide bandgap (~ 4.1eV) [12].
Itis therefore imperative to design a rational architecture that could overcome the
aforementioned limitations of using single metal oxides or chalcogenides. One effective
approach we found was to synthesize the graphene-based composites using the single
metal chalcogenide (ZnTe), as discussed in the previous chapter. Is there any alternative
approach? Yes, the synthesis of micro-sized and hollow heterostructures of two
compound semiconductors, such as ZnO/ZnTe [13], ZnS/ZnSe [14], ZnO/ZnS [15],
Zn0/ZnSe was identified to be an effective strategy [16]. Since the last few years, several
such 3D hierarchical architectures have been synthesized and reported to degrade
industrial effluents. In this chapter, we present the synthesis of ZnSe/ZnTe common
cation heterostructures via an in-situ hydrothermal route [17], wherein, ZnSe is one of
the type II-VI semiconductors having a direct bandgap of ~ 2.60-2.65 eV and has been
used in various solar energy conversions applications, such as blue-laser diodes, lasers,

photodetectors, catalysis, water-splitting, and biomedical sensors [18]. On the other
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hand, Zinc telluride (ZnTe) exhibits a direct bandgap in the range of 2.17-2.26 eV and
significant potential in diversified areas, including solar cell technology, light-emitting
diodes, optoelectronics, CO2 mitigation, and wastewater treatment [19]. Despite
significant research publications existing on the catalytic performances of single metal
halides such as ZnSe and ZnTe - they primarily discuss the dependence of macroscopic
parameters (particle size, shapes, surface area, or morphology of the catalysts) on the
degradation of pollutants. To the best of our knowledge, very few publications [20,21],
are concerned about enlightening the role of microscopic parameters such as mobility or
transit time (lifetime or travel time) in governing the catalytic degradation. Therefore, a
detailed survey of the photo-responsivity and conductivity of the catalysts under solar
light-illuminated conditions is warranted to better understand the photocatalytic
process. This study is thus aimed to synthesize ZnSe/ZnTe microstructures and
investigate their role in the degradation of azo dyes with an emphasis on the morphology
and surface area of the hybrid ZnSe/ZnTe catalysts in the first half of the report. In the
latter part, we extract the mobility of each catalyst using the spatial-charge-limited
conduction (SCLC) theory and comprehensively discuss how the mobility of the charge

carriers affects the degradation efficiency of the photocatalysts.

5.2. Experimental Section

5.2.1. Materials

The chemicals used in this study included zinc (Zn) powder (assay = 93%), selenium (Se)
powder, tellurium (Te) powder (~ 30 mesh, 99.997%), potassium hydroxide (KOH)
(analytical grade, >97%), hydrochloric acid (HCI), absolute ethanol, and deionized (DI)
water. All the reagents used in the experiments were procured from Sigma-Aldrich, India

and utilized without any additional purification.

5.2.2. Synthesis of ZnSe/ZnTe Heterostructures

We synthesized five different catalysts using a one-pot alkaline hydrothermal (OHT)
route [20]. The catalysts consisted of bare ZnSe and ZnTe, labelled as ZS and ZT
respectively, as well as three ZnSe/ZnTe hybrids (ZST-1, ZST-2, and ZST-3). To synthesize
these catalysts, we dispersed 0.1 M Zn powder and varying concentrations of Se and Te
powders (as presented in Table 5.1) into 3 M KOH solutions adopting a typical OHT

method [22]. After magnetic stirring for 1 h, the resulting solutions were transferred into
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a Teflon-lined high-pressure autoclave and subjected to thermal treatment at a constant
temperature of 160 °C for 18 h, in an oven with a heat flow rate of 3 °C/min. Upon
completion of the thermal treatment, the autoclave was allowed to cool down to room
temperature. The precipitates were collected by centrifugation, and subsequent washing
steps included rinsing with deionized water, diluted HCI, and absolute ethanol. The
photocatalysts were finally dried overnight in a vacuum furnace at 80°C, collected, and

subsequently stored for further analysis and characterization.

Table 5.1: Preparation of ZnSe/ZnTe Heterostructures.

Time and
Sample Name Zn (M) Se (M) Te (M)
Temperature

YA 0.1 0.1 0.0 18 h, 160°C
ZST-1 0.1 0.075 0.025 18 h, 160°C
ZST-2 0.1 0.050 0.050 18 h, 160°C
ZST-3 0.1 0.025 0.075 18 h, 160°C

T 0.1 0.0 0.1 18 h, 160°C

5.2.3. Fabrication of Schottky Devices

The fabrication of the Schottky diodes was discussed in detail in Chapter 3 (§ 3.2).

5.3. Materials Characterization Techniques

The material characterization techniques employed in the previous chapters (§ 3.3 and §
4.3) have been consistently applied in this chapter. Additional methodologies encompass:

The core level XPS peaks were fitted with the help of the XPS Peakfit41
programme, considering the ‘Shirley’ type background. The absorbance spectra and
reflectance spectra of the synthesized materials were studied using a UV-Vis
spectrophotometer (Perkin Elmer, Lambda 365). To obtain precise information about the
valence band (HOMO) and conduction band (LUMO) position of the individual
photocatalyst, electrochemical techniques (Cyclic Voltammetry, AUTOLAB) were
employed.
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5.4. Results and Discussion

5.4.1. Structural Properties

S XRD Analysis

The crystal structures of the as-synthesized heterostructured photocatalysts were
thoroughly investigated using X-ray diffraction (XRD) analysis, and the comprehensive
results are illustrated in Fig. 5.1(a). The XRD patterns for ZnSe and ZnTe demonstrated
an excellent match with the reference diffraction patterns available in the JCPDS
database, specifically JCPDS Card No. 37-1463 for ZS and JCPDS Card No. 15-0746 for ZT
[22,23]. In the XRD spectrum of ZT, distinctive Bragg reflections were observed at 20 =
25.26° 29.31°, 41.81° 49.50° 60.63° 66.74°, and 76.39°, which correspond to the
crystallographic planes (111), (200), (220), (311), (400), (331), and (422), respectively,
thereby confirming the cubic phase of ZT, with lattice constant (a) = 6.102 A [23].
Additionally, two minor peaks at 20 = 23.15° and 27.63° were detected, which can be
attributed to the presence of residual Te (100) (JCPDS #65-3358) and (011) planes
(JCPDS #65-3370). This residual Te might have precipitated during the hydrothermal
treatment at low growth temperatures [24,25]. Conversely, the XRD pattern for ZS
exhibited diffraction peaks at 206 = 27.19°, 45.21°, 53.56° 65.91°, and 72.63°,
corresponding to the crystallographic planes (111), (220), (311), (400), and (331),
respectively. This observation confirms the cubic crystal structure of ZS with lattice
constant (a) = 5.668 A, in agreement with JCPDS Card No. 37-1463 [26]. Similar to ZT, a
weak peak at about 26 = 29.65° was also present in the XRD spectrum of ZS, which can be
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Fig. 5.1: (a) XRD spectra of as-synthesized photocatalysts and (b) peak-to-peak comparison of the ZS and
ZT samples with JCPDS cards.



Chapter 5| 113

attributed to the Se (101) plane (JCPDS card No. 06-0362), arising from excess Se in the
hydrothermal method. Wang et al. have previously demonstrated that these residual
peaks can be minimized by increasing the growth time and temperature [26].
Consequently, both synthesized materials, ZS and ZT, exhibit excellent
crystallinity, evident from the sharp and characteristic Bragg reflections in their
respective XRD patterns. Fig. 5.1(b) showcases the corresponding Bragg reflections and
the available diffraction patterns from JCPDS, facilitating a peak-to-peak comparison. On
the other hand, the XRD patterns corresponding to the heterostructures (ZST-1 to ZST-3)
reveal that the observed peaks can be attributed to either the cubic ZS phase or the ZT
phase. Furthermore, the XRD patterns exhibit an intriguing trend: the relative intensity
of the (111) peaks of ZnTe increases as we move downward in Fig. 5.1(a), which can be
attributed to the incremental Te content during in-situ synthesis (as detailed in Table
5.1), while the intensity of the (111) peak corresponding to ZS predictably decreases.
Notably, no additional Bragg reflections were observed, apart from those related to
residual Te and Se, confirming the phase purity and successful synthesis through simple
variation of the precursor concentrations. This observation provides valuable insights
into the composition and structure of the heterostructures, corroborating the successful

formation of the ZnSe/ZnTe hybrid photocatalysts.

< FESEM and EDX Analysis
The morphological properties of the synthesized catalysts were analyzed using FESEM,
and the obtained images are presented below. Fig. 5.2(a) and Fig. 5.2(b) display the ZS

microspheres with an average diameter of 1-1.5 micrometres, also revealing their hollow

Fig. 5.2: FESEM images of the (a,b) ZS, (c,d) ZST-1, (e,f) ZST-2, (gh) ZST-3 and (i,j) ZT microstructures.
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structure, wherein the holes on the surface of the three-dimensional ZS spheres are
evident and indicated using red arrowheads. This unique structure provides a
significantly larger surface area for target molecules to be decomposed [27,28]. In Fig.
5.2(c) and Fig. 5.2(d), the morphologies of the hybrid catalyst ZST-1 are presented, and
therein, the ZS microspheres are seen to be surrounded by irregular and agglomerated
plate-like ZT particles, delineated using red arrows. The next hybrid structure, i.e. the
ZST-2 catalysts, as displayed in Fig. 5.2(e) and Fig. 5.2(f), demonstrates a situation
wherein the ZS microspheres are significantly screened by ZT particles. This is due to the
increased weight % of ZT in ZST-2, approaching ~ 50%, which only was ~ 25% in the
case of ZST-1. Notably, for the ZST-2 catalyst, the BET surface area (discussed later) was
found to be the largest one since the unoccupied spaces between the ZS microspheres are
now filled with ZT particles - providing a larger surface area that would be advantageous
during any catalytic degradation process. Furthermore, when the weight % of ZT was
further increased up to 75% for the ZST-3 catalysts shown in Fig. 5.2(g) and Fig. 5.2(h),
which leaves the scope of only ~ 25% ZS incorporation, the microstructures indicate that
ZT particles completely occupy the volume - hardly leaving any room for the ZS
microspheres. Finally, the last two images [Fig. 5.2(i) and Fig. 5.2(j)] display only
irregularly shaped structures, which are identified as plate-like pristine ZT particles.
Furthermore, to address the distribution of the constituent elements (i.e. Zn, Se

and Te) in the heterojunction photocatalysts, we performed elemental mapping using
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Fig. 5.3: Elemental mapping and EDX spectra of ZST-2 photocatalyst.
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Energy Dispersive X-ray Spectroscopy (EDX). The EDX spectra of the catalysts confirmed
that the samples maintained their stoichiometric ratio. In particular, we focused on the
ZST-2 sample, and its elemental mapping results are displayed in Fig. 5.3; along with the
corresponding EDX spectra. The obtained elemental mapping demonstrates the even

distribution of Se and Te along with Zn within the ZST-2 heterojunction photocatalyst.

o TEM Analysis

TEM images of the ZnSe/ZnTe heterostructures synthesized in this study are depicted in
Fig. 5.4 (a-e). Despite the challenges posed by the micrometre-sized catalysts, extensive
efforts were made to acquire high-quality TEM images. However, due to the larger size of
the particles, the electron beam transparency through the microspheres was limited -
resulting in darker regions in the images [23]. Nevertheless, Fig. 5.4(a) showcases a clear
image of a ZS microsphere with distinct holes, indicated by red arrowheads, thereby
confirming the hollowness of the structures, consistent with the observations from
FESEM micrographs. Transitioning to Fig. 5.4(b) and Fig. 5.4(c), they illustrate TEM
images of ZST-1 and ZST-2 catalysts, respectively. In Fig. 5.4(b), the presence of a dark
circular region with scattered bright patches corresponds to the ZS microspheres.
Additionally, the image also reveals the presence of ZT particles (highlighted by red
arrowheads) in small quantities surrounding the ZS microspheres, affirming the
successful incorporation of ZT with ZS. In Fig. 5.4(c), both ZS microspheres and ZT
particles are evident, with an increased proportion of ZT (50%) compared to that in ZST-
1 (25%), as detailed in Table 5.1. Moving forward, Fig. 5.4(d) displays the TEM
micrograph of the ZST-3 catalyst, demonstrating the ZT particles predominantly covering
the ZS microspheres, attributed to the higher ZT weight percentage in ZST-3 (~75%), as
presented in Table 5.1. Lastly, Fig. 5.4(e) solely displays the plate-like ZT particles, with
some appearing to have agglomerated in certain regions, possibly due to challenges

during sample preparation.

Fig. 5.4: TEM images of the (a) ZS, (b) ZST-1, (c) ZST-2, (d) ZST-3 and (e) ZT microstructures.
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Fig. 5.5: High-resolution TEM images of (a) ZS and (b) ZT photocatalyst.

Despite this, all TEM images consistently reveal the microstructures of the heterojunction
photocatalysts, further reinforcing the congruence with the SEM micrographs presented
earlier. In addition, the interplanar distance (d-spacing) of the ZS and ZT specimen was
estimated from the High-resolution TEM images (Fig. 5.5) and they were found to be
0.327 nm and 0.349 nm for ZS and ZT, respectively - assigned to the (111) planes for both

the samples.

< XPS Studies

X-ray Photoelectron Spectroscopy (XPS) was employed to investigate the elemental
composition, the chemical and the electronic states of the as-synthesized microstructure.
The survey spectrum of the ZST-2 photocatalyst, depicted in Fig. 5.6(a), covers an energy
range of 0-1200 eV, confirming the presence of Zn, Te, and Se in the heterostructure. Fig.
5.6(b) presents the high-resolution XPS spectrum of the Zn-2p core level, revealing two
spin-orbit doublet peaks (2pi/2 and 2ps3/2) centred at 1044.41 eV and 1021.34 eV,
respectively, with a significant splitting (A) of 23.07 eV. This spin-orbit separation aligns
with established literature, indicating the 2+ oxidation state of Zn within the ZST-2
heterostructure [29]. Furthermore, satellite peak appeared in the Zn 2p spectrum within
the binding energy range of 1040-1025 eV, with their central position at ~ 1037 eV;
which could be attributed to various physical processes, such as shake-up excitations,
Auger electron energy decay, or other interactions taking place within the spatial
environment during the photoemission process [30,31]. Similarly, Fig. 5.6(c) illustrates

the deconvoluted spin-orbit doublet of Te 3d (j = 3/2, 5/2), centred at binding energies
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of 582.74 eV (Te 3d3/2) and 572.34 eV (Te 3ds,2), with an energy separation of 10.39 eV,

elucidating the 2- oxidation state of Te in ZnTe [29,32].
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Fig. 5.6: (a) XPS full scan spectrum of ZST-2 photocatalyst. Narrow scan XPS spectrum of (b) Zn 2p, (c) Te
3d and (d) Se 3d.

Furthermore, the deconvolution of these peaks resulted in two sub-peaks for each
doublet. The pair of peaks at 585.69 eV (j=3/2) and 575.30 (j=5/2) eV, with a peak
separation of 10.39 eV, is consistent with existing literature [29], affirming the presence
of the TeO2 phase in the sample. Meanwhile, the pair of peaks at 586.38 eV (j=3/2) and
575.99 (j=5/2) eV, featuring a spin-orbit splitting of 10.39 eV, are attributed to the
presence of the TeO3 phase. These partially surface oxidized phases (TeOz and TeO3) may
form in very trace amounts during the hydrothermal process or sample preparation, but
no compelling evidence of their presence was detected using other characterization
techniques. It has been suggested that increasing the growth temperature might mitigate

the observed oxidation states of Te [32]. Lastly, Fig. 5.6(d) showcases the narrow scan of



I 18 | Investigating Carrier Mobility in Hollow ...

the Se 3d core level, deconvoluted into two doublets due to spin-orbit coupling (j = 3/2,
5/2) with a splitting of 0.86 eV, occurring at binding energies of 54.86 and 54 eV,
respectively. These findings are in accord with the reported literature, affirming the 2-
oxidation state of Se in ZnSe [29,33]. Thus, the XPS analysis affirms the chemical purity of
the sample, while the electronic states of the elements validate the formation of a ZST-2
heterostructure. Furthermore, the XPS analysis provides insight into the surface chemical
states of Zn, Te, and Se, which together constitute our heterostructure photocatalyst, that
could serve as an electron capture and transfer medium during the photocatalytic

degradation process, which will be discussed in the following section.

5.4.2. Optical Properties

< UV-visible Spectroscopy

The optical properties of the as-synthesized catalysts were investigated through UV-
visible absorbance and reflectance spectra, covering a wavelength range of 300-900 nm.
The absorbance spectra of all samples are presented in Fig. 5.7(a). To establish the energy
diagrams of the ZnSe/ZnTe heterostructures, we obtained the optical band gaps of the ZS
and ZT catalysts using the reflectance spectra, by employing the Kubelka-Munk function
[34]. For band gap estimation, we plotted the values of {F(R) hv}? against the hv axis,
where F(R) = k/S represents the Kubelka-Munk function, with k = (1-R)?, denoting the
molar absorption coefficientand S = 2R as the scattering factor, where R is the reflectance.

Additionally, h represents Planck's constant, and v corresponds to the frequency of the

radiation.
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Fig. 5.7: (a) Absorbance spectra of all the catalysts. Kubelka-Munk plot and the corresponding UV-vis
reflectance spectrum (inset) of (b) ZS and (c) ZT catalysts.

The corresponding reflectance spectra of ZS and ZT catalysts are displayed in the

inset of Fig. 7(b) and Fig. 7(c), respectively. The ZS catalysts exhibited significant light
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reflectance at around 487 nm, indicating a direct bandgap energy of 2.65 eV [Fig. 5.7(b)],
while the ZT catalyst displayed a strong reflection edge at approximately 559 nm,
corresponding to a direct bandgap value of 2.17 eV [Fig. 5.7(c)]. These measured bandgap

values are in close agreement with previously reported data [14,20].

5.4.3. Cyclic Voltammetry and Alignment of Energy Levels

Cyclic Voltammetry (CV) was employed to determine the electrochemical properties of
the ZS and ZT samples, specifically the positions of their valence band (V.B.) and
conduction band (C.B.). The electrical bandgap (AE) was calculated as the difference
between the energy levels of the valence band (Evs) and the conduction band (Ecs),
providing the electronic properties of the materials. Typically, the valence band level
(Evs) of a solid material correlates with its oxidation potential (Eox), while the conduction
band level (Ecs) corresponds to its reduction potential (Ered), as expressed by the

following equations [35]:

E,, =—(E,, +4.14) eV (5.1)
Egs = —(E,oy +4.14) eV (5.2)
AE=E. —E, (5.3)

The cyclic voltammetry curves of the samples were obtained in anhydrous
dimethylformamide (DMF) medium, employing glassy carbon, Ag/AgCl, and platinum
electrodes as the working electrode, reference electrode, and counter electrode,
respectively. Tetrabutylammonium perchlorate (TBAP) served as the electrolyte, and a
scan rate of 0.1 V/s was applied. The oxidation onset of ZS and ZT was observed at 1.52
V and 0.82 V, respectively (Fig. 5.8). These values corresponded to valence band levels of
5.66 eV for ZS and 4.96 eV for ZT. Additionally, the conduction band levels of ZS and ZT
were estimated at 3.06 eV and 2.72 eV, respectively, calculated from their reduction onset
at-1.08 Vand -1.42 V, respectively. Consequently, the bandgap values for ZS and ZT were
determined using the above equations, resulting in bandgap values of 2.60 eV for ZS and
2.24 eV for ZT.

The activity and selectivity of a heterostructured photocatalyst for the
decomposition of a dye strongly depend on the alignment of its energy levels. To illustrate
this alignment, we constructed an energy diagram for the hybrid photocatalyst using the

HOMO (valence band) and LUMO (conduction band) positions of individual materials.
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Fig. 5.8: Cyclic-voltammetry of (a) ZnTe and (b) ZnSe.

Electrochemical techniques, specifically Cyclic Voltammetry (CV), were employed to
obtain the band positions of the individual materials, which are presented in Fig. 5.8. The
valence band and conduction band positions of ZnTe were determined to be 0.52 V and -
1.72 V (vs. SHE), respectively [36], while for ZnSe, the valence band position was deduced
as 1.22 V (vs. SHE) and the conduction band position as -1.38 V (vs. SHE) [37]. Using these
values, we generated a band diagram for the ZnSe/ZnTe hybrid heterostructures, both
against the Standard Hydrogen Electrode (SHE) and against the Vacuum level. The
resulting band diagram, depicted in Fig. 5.16, enables us to gain insight into and predict
the photocatalytic behaviour of the hybrid system. This comprehensive understanding of
charge transfer processes is instrumental in optimizing the photocatalytic efficiency for

dye decomposition applications.

5.4.4. Surface Area (BET) Analysis

The N2 adsorption-desorption isotherms, as shown in Fig. 5.9, were obtained at a
temperature of 77 K to estimate the Brunauer-Emmett-Teller (BET) specific surface areas
for all the synthesized photocatalysts. The measured surface areas of the catalysts are
listed in Table 5.2 and it was observed that the ZST-2 hybrid microstructures possess the
largest surface area among all five catalysts, which also is in excellent agreement with the
FESEM observations (Fig. 5.2). In contrast, ZST-1 and ZST-3 possess the almost
comparable value of the surface area, which could be attributed to the 'shielding effect’
of the ZS microspheres by the ZT particles. Furthermore, the bare and hollow ZS
microspheres showed a slightly higher surface area than the pristine ZT catalysts, despite
the plate-like morphology being observed in ZT [Fig 3(i) and 3(j)]. This result could be

due to the agglomeration of the ZT particles and the formation of 'clusters' in the process
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[15]. In photocatalytic processes, it is generally preferred to have a larger surface area
since it also leads to a higher absorbance cross-section, resulting in increased photo
absorption and greater diffusion of molecules, ultimately leading to improved
performance. Therefore, Table 5.2 indicates that the ZST-2 heterostructures are expected

to be superior compared to the other heterostructures, which is now demonstrated in the

following.
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Fig. 5.9: N2 adsorption-desorption isotherms for (a) ZS, (b) ZST-1, (c) ZST-2, (d) ZST-3 and (e) ZT
catalysts.

5.4.5. Electrical Study

To investigate the electronic charge transport properties of the synthesized catalysts, the

current-voltage (I-V) characteristics of the fabricated

Schottky  devices
(Al/photocatalyst/ITO, as displayed in Fig. 3.8) were examined by applying a bias voltage
of +1 V at room temperature under both dark and illuminated conditions (light intensity
~ 1000 W/m?2) [38].
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Fig. 5.10: Current-voltage (I-V) characteristic curves for all the photocatalysts-based Schottky diodes
under (a) dark and (b) light conditions.

The conductivity of different catalysts, which indicates the flow of charge, was evaluated
using the diode characteristic curves (Fig. 5.10). The substantial increase in current

density following light irradiation established the photo-responsiveness of the hybrid



122 | Investigating Carrier Mobility in Hollow ...

materials. Photosensitivity (Sp), being a key parameter of the catalysts to be exposed to
solar radiation, must be interpreted before evaluating the photocatalytic activities and it
is defined as the ratio of photo-induced current (Iph) to the current under dark conditions
(Ia) [39]. The Sp parameter, as discussed in the previous chapter (§ 4.4.5), was determined
for all the catalysts synthesised in the present study and displayed in Table 5.2. Among
all the hybrid catalysts, the ZST-2 microstructures demonstrated the highest conductivity
and photosensitivity. The greater conductivity of the hybrid microstructures implies

enhanced charge transfer as well as mobility in this catalyst (ZST-2).

Table 5.2: Surface Area and Photo-Responsive Parameters.

Sample Surface Area Photosensitivity Conductivity (o)
(m2/g) &) (sm)
Condition - - Dark Light
YA 23.05 1.81 3.82 x105 1.07 x10-4
ZST-1 27.37 4.65 6.39 x10-5 4.32 x10*
ZST-2 37.92 4.88 1.01 x10+4 5.18 x10-4
ZST-3 26.43 2.31 4.48 x10-5 1.48 x10-4
T 16.68 1.41 2.23 x105 5.39 x10->

The carrier mobility is crucial for any semiconducting material because it
determines how quickly a carrier, such as an electron or a hole, will move through its
complex network of hybrid molecules before arriving at the active sites, wherein they
finally recombine. Thus, the I-V characteristics of Fig. 5.10 were further analyzed by
interpreting the carriers' mobility (pefr) and lifetime (t) based on the spatial-charge-
limited conduction (SCLC) mechanism for Schottky diodes [40,41]. The aim was to gain
insight into the synergistic effect of ZS and ZT on the charge transport mechanism and
photodegradation process and the log (I) vs. log (V) variations are plotted in Fig. 5.11(a)
and 10b for positive voltages, which showed three distinctly different regions arising out
of the interfacial trap that alters the conduction of charge carriers at a metal-
semiconductor junction, thereby reforming the I-V characteristic curves. Each of these

regions indicates a different conduction process and is explained in Chapter 2 (§ 2.5.2).
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Fig. 5.11: Log (I) vs. log (V) plot for all the photocatalysts-based Schottky diodes under (a) dark and (b)
light conditions.

< Estimation of the Charge Transport Parameters

The [-V characteristics were further analysed by estimating the effective carrier's
mobility (pesf) and lifetime (t) from region II [Fig. 5.11(b)] based on the space-charge
limited current (SCLC) theory to obtain a better understanding of the charge transport
mechanism. The dielectric constant of the synthesized materials (er), the mobility (pefr),

and the lifetime or transient time (t) of the charge carriers were determined employing

the following equations:

C,d
o &0 A .
s €08 A V_2
| = — 5 ( E j (5.5)
_ 9‘C"O‘C"r Aeff \i
T= “ad ( | ) (5.6)

A detailed discussion of all the symbols used in the above equations was provided in
Chapter 2 (§ 2.5.2). Also, The capacitance (C) vs. frequency (f) plot for all the synthesized
photocatalysts is displayed in Fig. 5.12 below.

The estimated values of pefrand t are listed in Table 5.3. The higher mobility of the
ZnSe/ZnTe heterostructures and its significant contribution towards the efficient
conduction of charge carriers were shown in our results. Among all the produced
catalysts, the ZST-2 catalyst demonstrated the highest carrier mobility and the shortest

transit time. The mobility of the carriers was improved nearly 5-6 times for both dark
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and irradiated environments. This improvement in lifetime and mobility is particularly
advantageous for the effective transfer of the charge carriers and therefore an

enhancement in the photocatalytic activity is expected, which is discussed below in detail.
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Fig. 5.12: Capacitance (C) vs. frequency (f) plot for the synthesized photocatalysts.

Table 5.3: Charge Transport Parameters.

Sample Mobility (pesr) Lifetime ()
(m2V-1s1) (s)
Condition Dark Light Dark Light

YA 1.80 x10-6 5.05 x10-¢ 6.92 x107 2.46 x107

ZST-1 2.69 x106 1.63 x10-5 4.65 x107 7.63 x108

ZST-2 3.36 x106 1.70 x10-5 3.72 x107 7.35 x108

ZST-3 2.00 x10-¢ 6.64 x10-6 6.22 x10-7 1.87 x10-7
ZT 1.18 x10-6 2.82 x106 1.05 x10-6 4.37 x107

5.4.6. Photocatalytic Activity

< Photo-degradation Process

The photo-degradation process was discussed in detail in the previous chapter (§ 4.4.6).



Chapter 5| 125

< Photo-degradation Behaviour and Performances

The photocatalytic behaviour of synthesized catalysts was studied by investigating the
decomposition of RhB aqueous solution under simulated solar light irradiation. The
degradation process was monitored by measuring the absorption peak of the RhB
solution at 554 nm using a UV-Vis spectrometer, as displayed in Fig. 5.13 and Fig. 5.14(a).
The degradation process of RhB solution by all the synthesized catalysts was analyzed

using Eq. (5.7):

Degradation = [% xlooj % (5.7)

0

where, Co and Ct represent the RhB concentration at zero and 't' time, respectively [45].
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Fig. 5.13: Absorption spectra of RhB aqueous solution at different time intervals in the presence of (a) no
catalyst, (b) ZS, (c) ZST-1, (d) ZST-2, (e) ZST-3 and (f) ZT catalyst.

Before initiating the photocatalytic degradation process, we conducted the
adsorption test of RhB in dark conditions for 30 minutes. However, the adsorption
experiment showed minimal impact on RhB removal, with less than 1% effect, as
displayed in Fig. 5.14(a) as well as in Fig. 5.14(b). For a 60-minute irradiation time, no
significant change in RhB concentration was noted for catalyst-free suspensions.
However, the addition of the catalysts gradually bleached the RhB solution, and the
degradation efficiency is shown in Fig. 5.14(b). The plot of In(Co/C) vs. irradiation time
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(min) in Fig. 5.14(c) demonstrates the existence of pseudo-first-order degradation
kinetics [21]. Among all five catalysts, ZST-2 exhibited the highest efficiency of
degradation (78%), which could be accredited to the higher mobility of the charge
carriers in the hybrid ZnSe/ZnTe structure. As discussed in the previous section, the high
mobile charges attain an extra path length before any recombination and thus, a large
volume of charges can reach the active sites and trigger the degradation process. Table
5.3 shows that the mobility of ZST-2 heterostructures was the highest among the five
catalysts, while the transit time was the lowest. These values adequately demonstrate
how the microscopic parameters, i.e. mobility and transit time influence the macroscopic
performance in catalytic activity. The sustainability of the catalysts was also probed by
recycling tests, with all the recycling bar diagrams for different catalysts displayed in Fig.
5.14(d) and Fig. 5.15, indicating that the catalytic performance of ZST-2 remains largely

unchanged even after repeated use for up to three cycles.
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Fig. 5.14: (a) Adsorption tests, (b) Photocatalytic degradation behaviour and (c) In (Co/C) vs. time (t) plot for RhB
solution at different time intervals in the presence of (i) no catalyst, (ii) ZS, (iii) ZST-1, (iv) ZST-2, (v) ZST-3 and (vi)
ZT catalyst. Recycling test of the ZST-2 catalyst for RhB degradation.
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Fig. 5.15: Recycling test of the (a) ZS, (b) ZST-1, (c) ZST-3 and (d) ZT catalyst for RhB degradation.

< Photo-degradation Mechanism

In examining the synergistic effect and interaction between ZS and ZT in composite
materials, we conducted a thorough analysis of the photocatalytic decomposition
process. Upon light irradiation, the interfacial excitons are produced at the surface of ZT
nanoparticles, and subsequently free electrons and holes are produced in the conduction
and valence bands, respectively. Further, owing to the low mobility of these
photogenerated electrons (e-) and holes (h*), they often recombine before reaching the
active sites, thereby impeding the photocatalytic activity. However, the addition of ZS to
ZT could facilitate the efficient separation of photoinduced electrons in the conduction
bands due to their preferable energy levels [37,46], and it leaves behind a hole (h*) in the
valence band of ZT. Consequently, the photogenerated electrons from ZT could efficiently
reach the active sites through the ZS platform and reduce dissolved O: in the aqueous
medium, generating the highly reactive superoxide radical anion (02*-). The generation
of this intermediate is thermodynamically feasible since the reduction potential of the
superoxide radical (E? 02/ Oz2*- = - 0.33 V vs. SHE) is less negative than the conduction
band edge of ZT (Ecs =- 1.72 V, vs. SHE) [47]. This highly reactive O2°- is expected to play
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a pivotal role in RhB degradation [45,48]. Meanwhile, the h* in the valence band is also a
strong agent that could oxidize the pollutants through direct electron transfer and
execute the degradation process. Thus, the superoxide radical anion (O2°-) and the holes
(h*) could cooperatively participate in the decomposition process of the RhB solution
[49-51]. Fig. 5.16 presents a plausible mechanism for the photocatalytic degradation
process of RhB using the ZST-2 catalyst under irradiation by solar light.
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Fig. 5.16: Alignment of the energy levels and the plausible mechanism of the photocatalytic degradation
of RhB by ZST-2 catalyst under solar light irradiation.

< Influence of the Surface Species on the Photocatalytic Performance

It is noteworthy that the XPS technique, as discussed earlier, detected trace amounts of
Te oxides on the surface of ZnSe/ZnTe, which can influence the photocatalytic
degradation process. The presence of Te oxides can lead to the recombination of charge
carriers (electron/hole) at the surface, resulting in a fractional decrease in the
degradation performance. In other words, the observed photocatalytic performance of
ZnSe/ZnTe includes a contribution from Te oxides, as they participate alongside
ZnSe/ZnTe in the degradation of RhB. While quantitative analysis proves challenging in
this scenario, qualitative insights can still be gained. A relevant study in the literature
reports a transient photocurrent density of approximately 0.2 mA/cm? for TeOz, nearly
100 times smaller than the photocurrent intensity observed in our ZnSe/ZnTe
heterojunction photocatalysts (~16.43 mA/cm? in the dark and 96.74 mA/cm? in the

light) [52]. Notably, photocurrent intensity serves as a measure of the carrier’s mobility,
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a critical factor governing charge conduction in the photocatalytic degradation process.
Thus, considering the charge mobility, the separation of electron-hole pairs due to the Te
oxides is anticipated to be significantly limited, resulting in a substantial portion of the
electron-hole pairs reaching the surface and subsequently recombining. This indicates
that Te oxides do impact the photo-induced degradation of RhB, but their influence is
much smaller compared to the ZnSe/ZnTe heterostructure. Essentially, the species
present on the surface of the photocatalyst actively participate and influence the

photocatalytic performance.

< Comparison of the Present Study with Reported Literature

In addition, to explore the potential application of the synthesized heterostructured
photocatalyst, its performance was evaluated based on several factors, including dosage,
reaction time, and degradation efficiency, in comparison to other catalysts, as
summarized in Table 5.4. Remarkably, our photocatalyst exhibited the highest
performance, achieving an impressive degradation efficiency of approximately 78% -
surpassing all other cases listed in Table 5.4. This outstanding result can be accredited to
the synergistic effects of various crucial attributes, such as particle size, shape, surface
area, and mobility, which render ZST-2 an exceptionally attractive photocatalytic
material for the efficient degradation of dye pollutants, addressing environmental

concerns.

Table 5.4: Comparison of the Present Study with Reported Literature.

Sl.  Photo- Photo- Light source Pollutant (RhB) Time  Degradation Refer
No catalyst catalyst Concentration (min) efficiency (%) -
dosage (mg) ence
1.  Graphitic 50 Visible light 1 x 10> mol/L 30 67 [53]
g-C3Na (300w
Xenon lamp)
2. Zndoped 0.31 Visible light - 180 77.2 [54]
CoFe204 (150w
Halide lamp)

3. BiOI 50 Visible light - 240 71 [55]
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4,  Ag/AgBr 100 Visible light 5 mg/L 60 ~ 61 [56]
/Zn0 (300w
composit iodine
es tungsten
lamp)
5. Graphitic 50 Visible light 1 x 10-> mol/L 240 45 [57]
g- (1000w
C3N4/Bi2 Xenon lamp)
02C03
6. ZnO- 0.1 Visible light 1 x 10-> mol/L 60 ~59 [58]
graphene (8 Wlamp, A
-TiO2 > 420 nm)
composit
e
7. Core- 40 Visible light 1x10°M 60 ~ 65 [59]
shell (300W Xe
TiO2@g- arc lamp)
C3N4
composit
es
8. ZnSe/Zn 30 Visible light 0.1 mg/ml 60 78 Prese
Te (Solar nt
microsph simulator, study
ere Abet
Technologies
, Model
10500)

5.5. Conclusion

Our investigation involved the synthesis of five distinct catalysts via a one-pot
hydrothermal method, evaluating their performance in the visible-light-driven
degradation of RhB. We observed that the catalytic efficiency of the dye was significantly
impacted by both macroscopic and microscopic parameters. Specifically, macroscopic
factors, such as the hollowness of the ZS spheres and the plate-like nature of the ZT
particles, along with their integrated surface area, played a crucial role. Moreover,

microscopic parameters, such as the mobility and transit time of the charge carriers, were
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also found to be critical in determining catalytic activity. Our study revealed that the ZST-
2 catalyst, comprising 50% ZnSe and 50% ZnTe, demonstrated the highest catalytic
activity owing to its larger surface area and enhanced mobility of charge carriers. This
improved mobility, coupled with the synergistic effect of ZnSe and ZnTe in the ZST-2
heterostructure, effectively addressed the limitation of having short lifetimes of photo-
generated electron-hole pairs observed in the single materials. Thus, our study not only
underscores the interdependence between microscopic and macroscopic parameters but
also offers valuable insights into the design and optimization of common cation-based
photocatalysts, with potential applications in environmental remediation and energy

conversion.

* k¥
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6.1. Introduction

The rapid advancements in semiconductor technology have catalyzed the exploration of
novel materials and structures for various electronic and photo-induced applications,
namely photoconductor devices, photovoltaic cells, optical switches and many more. In
the preceding chapter, it was observed that ZnSe/ZnTe heterostructures have emerged
as intriguing candidates due to their potential for high performance in the photocatalytic
degradation of azo dyes [1]. These heterostructures exhibit unique electronic behaviour
governed by the inherent characteristics of ZnSe and ZnTe constituents. Specifically, it
was noted that heterostructure with a composition of 50% ZnSe and 50% ZnTe displayed
the highest conductivity and superior electron mobility, attributing to their exceptional
catalytic performance [2]. Indeed, electron mobility, as a microscopic parameter, played
a pivotal role in the degradation mechanism. However, an investigation into the
distribution of charge carriers or the presence of defects in their pathways remained
unexplored. Thus, this chapter aims to elucidate the electron densities not from a
theoretical standpoint but through experimental means, employing the Positron
Annihilation Spectroscopy (PAS) technique.

The utilization of Positron Annihilation Lifetime Spectroscopy (PALS) as a non-
destructive radiological method is widespread in materials science research due to its
exceptional sensitivity to the free volume within materials. This technique relies on
assessing the lifetime and intensity of ortho-positronium (o-Ps) atoms within free
volumes of various structures. Positronium (Ps) trapping in vacancies provides insights
into the size of vacancy clusters, thereby offering valuable information regarding the
structural properties of solids, liquids, and semi-solid materials [3]. PALS finds
application across diverse sectors including crystals, composites, nano-materials and soft
condensed matter systems, and the examination of defects and pores in metals, ceramics,
and polymers.

The methodology involves employing positrons as probes, which, due to their
positive electric charge, become preferentially localized within atom-sized regions of the
material, making them adept at discerning voids and defects within this size range.
Typically, positrons are generated from a radioactive isotope, such as 22Na, which decays
into 22Ne through B+ decay, emitting an energetic 1.28 MeV gamma ray as a signature of
positron creation. Upon injection into a sample, positrons undergo inelastic collisions

with their surroundings, eventually reaching thermal equilibrium. Following
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thermalization, positrons can either freely annihilate with electrons within the material
or transition into a quasi-stationary state known as Positronium (Ps). The annihilation
process can occur in different modes depending on the spins of the participating particles,
each mode characterized by a specific lifetime, as detailed in Chapter 2 (§ 2.7.1). Within
the material, 0-Ps tend to accumulate in regions of low electron density, such as the cores
of voids, where they undergo annihilation via "pick-off" annihilation, producing two
0.511 MeV annihilation photons. Through the measurement of annihilation lifetime,
which represents the survival time of the positron in the medium, valuable information
about the 'electron density' experienced by the positron can be directly obtained [3]. The
lifetime of ortho-positronium (o-Ps) serves as an indicator of the proximity of Ps to the
local environment, with the time elapsed between positron creation and annihilation
photon detection offering insights into the positronium lifetime within the material being
studied. The o-Ps lifetimes and intensities are indicative of the ‘electron density’ at the
annihilation site and can provide valuable information regarding atomic-scale level
‘defects’, such as vacancies or dislocations. Thus, this study endeavours to unravel the
intricate relationship between charge transport and carrier dynamics, i.e., the
conductivities and mobilities with the ‘electron densities’ and the presence of ‘defects’

within these heterostructures.

6.2. Experimental

The synthesis procedure of the ZnSe/ZnTe heterojunction microstructures was discussed

in detail in the previous chapter (§ 5.2.2).

6.3. Materials Characterization Techniques

The material characterization techniques employed in the previous chapters (§ 3.3, § 4.3
and §5.3) have been consistently applied in this chapter. Additional methodology is the
Positron Annihilation Lifetime Spectroscopy (PALS), in which a sealed 22NaCl source with
a radioactivity of approximately 10 uCi was enclosed in a 1.5 pum thick nickel foil and
inserted between two identical plane-faced samples (12 mm diameter pellets). The
positron lifetime measurement system employed a conventional fast-fast coincidence
assembly featuring two gamma-ray detectors - one measuring 25 mm in length, and the
other tapering from 25 mm to a 13 mm diameter BaF2 scintillator, optically connected

with an XP2020 Q photomultiplier tube [4,5]. The spectrometer, assessed via the prompt
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gamma-ray of a ¢°Co source, exhibited a timing resolution (FWHM) of approximately 220
ps. More than ten million coincidence events were detected and recorded using a
multichannel analyzer. The acquired lifetime spectrum was then analyzed using the
computer program PATFIT-88, which includes corrections for source-related factors [6].
A schematic representation of the PALS spectrometer and spectra isillustrated in Chapter

2 (Fig. 2.9).

6.4. Results and Discussion

6.4.1. Structural Properties

The crystal structures of the synthesized heterostructured samples (ZS, ZST-1, ZST-2,
ZST-3 and ZT) were comprehensively probed through X-ray diffraction (XRD) analysis,
with detailed results presented in the previous chapter (§ 5.4.1). Notably, no additional
Bragg reflections were observed, confirming phase purity and successful synthesis

through the variation of the precursor concentration.

6.4.2. Positron Annihilation Lifetime Spectroscopy (PALS)

The positron annihilation lifetime spectrum (PALS) provides crucial insights into the
nature of lattice defects by evaluating the lifetime of the positron upon its injection into
the sample [7]. In this context, we examine the positron lifetimes of our synthesized
samples to establish correlations, notably considering properties such as the conductivity
profile from the Schottky diodes performance standpoint, as discussed in the previous
chapters. The positron lifetime spectra were fitted using the computer program PATFIT
88 [8], and the resulting spectrum was best fitted (with a variance of fit <1 per channel)
using a three-component model. The values of these lifetime components denoted as 11,
T2, and T3, are tabulated in Table. 6.1.

The initial lifetime component (t1) is attributed to the free annihilation of
positrons in the material's bulk, while the longer lifetime component (t3), typically
exceeding 1 ns, originates from the formation of ‘positronium’ (a short-lived hydrogen-
like atom, comprising an electron and a positron) in large voids or at the grain surfaces
of the sample. The intermediate lifetime (t2) arises from the positron annihilation at
defect sites. Given that positrons are predominantly trapped in cation-type vacancies and
experience slightly longer lifetimes than the bulk of the sample, this phenomenon implies

alower electron density near the positron. As a result, the lifetime of a positron at a defect
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site is consistently greater than the bulk lifetime. Additionally, the average lifetime (tavg)

is given by:

ol +7,1
Tavg=[—“ “J (6.1)

I +1,

The correlation between positron lifetime and electrical conductivity arises from their
interaction with the defect structure within materials. Positron annihilation spectroscopy
(PAS) serves as a valuable method for investigating defects by detecting positron-
electron annihilation processes. Defects such as vacancies, dislocations, and impurities
act as trapping sites for positrons [9], leading to a higher annihilation probability
compared to interactions within a perfect crystal lattice. The lifetime of positrons before
annihilation reflects the concentration and nature of these defects. Conversely, electrical
conductivity is associated with the mobility of charge carriers (electrons or holes) within
the material. Defects can impede the mobility of charge carriers through scattering or

trapping mechanisms, thereby influencing conductivity.

Table. 6.1: Positron Annihilation lifetime component of all the samples.

Sample T1 (ps) I1 (%) T2 (ps) (%) Ta(ps) T3 (ps) I3 (%)
YA 2112 52+2 423 +8 46 +2 310 1861 + 169 2+0.1
ZST-1 176 + 3 282 370+£5 70 =2 314 1525+ 69 2x0.1
ZST-2 179+ 4 19+2 3216 802 293 2743 +180 1+0.1
ZST-3 176 + 4 412 3827 58+2 296 2031+ 210 1+0.1
T 2303 612 437+5 382 309 1952 £ 191 1+0.1

Analysis of Table 6.1 reveals that the intermediate positron lifetime (t2) of the
ZST-2 sample is notably shorter compared to the other samples. This observation
suggests that injected positrons undergo rapid annihilation within the volume of the
sample, indicating a lower anticipated presence of defects compared to other samples
[10]. Positively charged defects could potentially scatter injected positrons, leading to

longer positron lifetimes. Thus, a shorter positron lifetime in the ZST-2 heterostructure
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implies a relatively defect-free material. Additionally, a shorter positron lifetime suggests
a higher density of electrons, which typically serve as charge carriers for various
electronic and photo-induced applications. Consequently, through PAS-based lifetime
studies, it becomes feasible to correlate higher charge conductivity or mobility with the

defects and electron density of materials.

1.6

—m— 7S

Ratio wrt 99.9999% pure Al SXL

0.6 T T T T T

Fig. 6.1: Area-normalized ratio curve of CDB spectra of synthesized heterostructured materials
constructed relative to CDB spectrum of defect-free Al single crystal (purity ~ 99.9999%).

6.4.3. Coincidence Doppler Broadening (CDB) Spectroscopy

CDB is another method employed for defect analysis in materials. This technique involves
measuring pairs of back-to-back annihilation y rays resulting from the interaction
between a positron and an electron. The energy distribution of these gamma rays reflects
the momentum distribution of the annihilating positron-electron pairs. Similar to
positron lifetime spectroscopy, coincidence Doppler broadening spectroscopy is
sensitive to the defect structure of materials. Interactions between positrons and defects
in the material influence the momentum distribution of positron-electron pairs, leading
to Doppler broadening of annihilation gamma rays. The correlation between coincidence
Doppler broadening and electrical conductivity stems from their shared sensitivity to
defects in materials. Vacancies, dislocations, and impurities affect the mobility of charge
carriers, resulting in changes in electrical conductivity. These defects also impact the

momentum distribution of positron-electron pairs, thereby influencing the Doppler
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broadening of annihilation gamma rays. This Coincidence Doppler Broadening Spectrum
(CDB) is used to elucidate the nature of defect sites, specifically using the "ratio curve,"
which compares the area-normalized CDB spectrum of our synthesized samples with that
of a defect-free (99.9999% pure) Al single-crystal sample [11]. Fig. 6.1 displays the
individual ratio curves for all samples, providing further insights into the

characterization of lattice defects and material properties.

6.5. Conclusion

We synthesized various ZnSe/ZnTe heterostructures and assessed their efficacy in the
context of photo-induced dye degradation in the preceding chapter. Among the five
distinct heterostructures examined, ZST-2 emerged as the most promising, exhibiting
notable improvements in electrical conductivity and charge transfer characteristics.
Notably, the ZST-2 sample demonstrated the highest mobility, a crucial parameter
influencing electronic conductivity within the material. Our investigation further
involved measuring the positron lifetimes of all samples, with ZST-2 displaying the
shortest lifetime for bombarded positrons. This observed lower positron lifetime
suggests a reduced defect density within the ZST-2 material, aligning with our earlier
findings of enhanced electrical mobility and charge transfer efficiency. Moreover, the PAS
also indicates a higher electron density within the material. Thus, the integration of
charge conduction and positron annihilation spectroscopy for a comprehensive
understanding of ZnSe/ZnTe heterostructures and their superior catalytic behaviour was
possible in this study. By analyzing positron lifetime measurements and coincidence
Doppler broadening spectra alongside electrical conductivity measurements,
researchers can glean insights into the defect structure of materials and its impact on
their electronic properties. This correlation is particularly invaluable in materials science

and engineering for optimizing the performance of electronic and optoelectronic devices.
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7.1. Summary

In the culmination of the thesis, encompassing six comprehensive chapters, we have
meticulously explored various facets of material science, focusing particularly on charge
transport kinetics and photocatalytic degradation - a realm that remains relatively
underexplored. Despite the breadth of material science, our endeavour aimed to
effectively communicate our experimental findings and the underlying rationale behind
the results through a systematic examination presented across the six chapters.

The significance of graphene as a versatile material with multifaceted applications
has been widely recognized in the modern scientific landscape. Over the past decade,
extensive research has uncovered its vast potential, yet much remains to be explored.
Therefore, a detailed understanding of graphene properties is imperative for its effective
utilization across diverse fields such as solar cells, supercapacitors, and photocatalysis.
In this pursuit, we endeavoured to gain a comprehensive understanding of graphene
oxide, including its production methods, reduction techniques, and its integration with
other compound semiconductors.

Our investigation was motivated by a noticeable gap in the literature concerning
the direct interpretation of graphene oxide's conductivity and mobility. While numerous
studies have explored graphene oxide composites for various photo-induced
applications, the underlying reasons for graphene oxide's unique characteristics often
remain unexplored. By elucidating these fundamental aspects, we aimed to provide
researchers with a scientific and strategic framework for the application of graphene
oxide in diverse fields.

Central to our research was the exploration of graphene oxide's applicability in
composites and its potential benefits. Before its application, we sought to extract charge
transport parameters, particularly the mobility (1) of charge carriers. This necessitated
the fabrication of metal-semiconductor junction-based Schottky diodes for the
synthesized materials. By analyzing current-voltage (I-V) characteristics and applying
thermionic emission (TE) theory, we estimated the mobility and lifetime or transit times
() of charge carriers. These parameters played a crucial role in determining the efficacy
of incorporating graphene oxide in various photo-induced applications, especially in the
decolourization of dye wastewater. Our investigation extended to the degradation of
wastewater through two approaches: synthesizing reduced graphene oxide-zinc telluride

composites (RGO-ZnTe) and developing heterostructures (ZnSe/ZnTe) comprising
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different ratios of ZnSe and ZnTe. However, before applying these materials, a
foundational understanding of graphene oxide and other materials was essential. Hence,
in Chapter 1, we provided an extensive overview of graphene and its derivatives, group
[I-VI semiconductors, and their composites, setting the stage for our subsequent analyses.

In Chapter 2, we conducted an in-depth exploration of Schottky barrier diodes
(SBDs), encompassing their theoretical principles, fabrication techniques, and insights
into electrical studies, impedance spectroscopy, and positron annihilation spectroscopy.
This chapter provided a thorough understanding of SBDs, from their theoretical
underpinnings to practical applications, setting the stage for further analysis.

Continuing our journey, Chapter 3 focused on the investigation of reduced
graphene oxide-zinc telluride (RGO-ZnTe) nanocomposites, aimed at enhancing charge
transfer in optoelectronic devices. Through the lens of an equivalent circuit model, we
examined the metal-semiconductor interfaces, shedding light on the intricate interplay
between materials and charge transfer mechanisms.

In Chapter 4, we delved into the impact of higher carrier mobility in RGO-ZnTe
nanocomposites on efficient charge transfer and the photodecomposition of Rhodamine
B. Through a comprehensive analysis of structural, optical, thermal, and electrical
properties, we elucidated the underlying mechanisms governing charge transport and
photocatalytic activity in these nanocomposites. We investigated the charge transport
dynamics and highlighted the importance of higher carrier mobility in the photocatalytic
degradation of RhB. Our results revealed that the graphene composite exhibited superior
photocatalytic activity compared to bare ZnTe under visible-light irradiation. This
enhanced performance was attributed to the higher mobility of the graphene-based
composite, facilitating the rapid movement of photoinduced charges between active sites
and target molecules during the degradation process.

Chapter 5 extended our exploration to carrier mobility in hollow and mesoporous
ZnSe/ZnTe heterostructures, with a focus on microscopic observations of swift charge
transfer and visible-light-driven dye decomposition. By employing an array of material
characterization techniques, we gained insights into the structural, optical, and electrical
properties of these heterostructures, illuminating their potential in wastewater
treatment. We found that the catalytic performance of the dye degradation process was
influenced significantly by both macroscopic and microscopic characteristics. Notably,

macroscopic features such as the hollow structure of zinc selenide (ZnSe) spheres and
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the plate-like morphology of zinc telluride (ZnTe) particles, along with their collective
surface area, played a pivotal role in determining catalytic efficiency. Additionally,
microscopic parameters including charge carrier mobility and transit time were
identified as crucial factors affecting catalytic activity. This heightened mobility,
combined with the synergistic interaction between ZnSe and ZnTe within the
heterostructure, effectively mitigated the challenge of short lifetimes observed in photo-
generated electron-hole pairs within individual materials.

Finally, in Chapter 6, we undertook a comprehensive examination of ZnSe/ZnTe
heterostructures using Positron Annihilation Spectroscopy (PAS), elucidating the
electron density and defect insights to correlate the outcomes we observed in the
preceding chapter. Through the analysis of Positron Annihilation Lifetime Spectroscopy
(PALS) and Coincidence Doppler Broadening (CDB) Spectroscopy, we unravelled the
behaviour of positrons within the material, offering valuable insights into defect
structures.

In summation, our thesis endeavours to contribute to the ever-evolving landscape
of material science by unravelling the intricacies of graphene composites and group II-
VI-based semiconductor heterostructures. Through a multidisciplinary approach
encompassing theoretical insights, experimental investigations, and advanced
characterization techniques, we aim to pave the way for the development of novel

materials with enhanced functionalities and applications across diverse fields.

7.2. Future Outlook

We intend to expand our research to delve deeper into the various conduction
mechanisms of Schottky contacts, emphasizing the critical importance of precise
understanding regarding the Schottky interface. In Chapter 5, we departed from the
traditional approach of employing direct current (dc) measurement techniques to
evaluate the electrical properties of ZnSe/ZnTe-based Schottky devices. Instead, our
focus shifted towards employing impedance spectroscopy (IS), a technique often

underappreciated and scarcely documented in the existing literature.

< Impedance Spectroscopy (IS) and Development of Equivalent Circuit Models
The primary objective is to extend the study beyond conventional direct current (dc)

techniques and utilize impedance spectroscopy (IS) to comprehensively assess the
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electrical properties of ZnSe/ZnTe-based Schottky devices. By employing IS, this research
aims to gain a deeper understanding of charge transport mechanisms within the devices,
particularly focusing on the dynamics of mobile charges in both bulk and interfacial
regions. We aim to develop and simulate complex equivalent circuit models to analyze
the impedance spectra obtained from the Schottky devices under different bias
conditions. By modelling the devices with precise equivalent circuits, the research aims
to differentiate individual interface resistances, particularly between Al and
(ZnSe/ZnTe)/ITO interfaces, shedding light on the influence of interface properties on

the electrical behaviour of the devices.

< Differentiation of Interface Resistances

The study further aims to differentiate interface resistances using ac impedance analysis,
emphasizing the importance of understanding the electrical characteristics beyond
conventional current-voltage (I-V) analysis. By discerning the contributions of individual
interface resistances, the research seeks to elucidate the underlying mechanisms

governing charge transport across metal-semiconductor interfaces.

< Estimation of Electron Lifetime and Interface Impedance

An objective is to estimate parameters such as electron recombination lifetime (tr) and
interface impedance from impedance spectra, providing valuable insights into the
performance and suitability of the fabricated Schottky devices using the ZnSe/ZnTe
heterostructures. By analyzing these parameters, the research aims to identify optimal

device configurations for various applications, such as solar cells and photodetectors.

< Capacitance-Voltage (C-V) Characteristics

Additionally, our research aims to conduct the capacitance-voltage (C-V) characteristics
of the Schottky devices to gather supportive evidence regarding their electrical
properties. By analyzing parameters such as charge carrier density (Np), barrier height
{®v} (C-V), and depletion layer thickness (Wb), the study seeks to provide comprehensive

insights into the performance of the devices.

< Comparison with Theoretical Models
Lastly, the research aims to compare experimentally derived electrical properties, such
as barrier height, with theoretical considerations based on energy band diagrams. By

conducting this comparison, the study aims to identify potential discrepancies and
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factors influencing barrier height determination, thereby refining theoretical models and
enhancing the understanding of metal-semiconductor interactions.

Overall, the objectives of this research endeavour are to advance the
understanding of charge transport mechanisms and interface properties in ZnSe/ZnTe-
based Schottky diode devices through advanced characterization techniques, with the
ultimate goal of optimizing device performance for various electronic and optoelectronic

applications.
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ABSTRACT: The synthesis of solar-light-responsive zinc telluride
(ZnTe) nanoparticles and their composite with reduced graphene
oxide (rGO—ZnTe) via a simple hydrothermal reaction is reported.
The synthesized nanostructures were comprehensively character-
ized by a combination of X-ray diffraction and photoelectron
spectroscopy, electron microscopy, UV—vis spectroscopy, photo-
luminescence spectroscopy and thermogravimetric analysis. The
effects of graphene oxide on the crystallinity, microstructure,
photo-excitation, light absorption, surface area and thermal stability
of ZnTe were studied. The current—voltage (I—V) characteristics
for both as-synthesized ZnTe and rGO—ZnTe composite-based
Schottky devices were measured to estimate the charge transport

I-V measurement of
the fabricated
Schottky diodes

Photocatalytic
degradation

of Rh B
Synthesis of rGO-ZnTe

composite

parameters such as dc conductivity, photosensitivity, carrier’s mobility and lifetime. The photocatalytic performance of both the
materials in the degradation of an azo dye (Rhodamine B) was subsequently investigated using simulated solar light. The rGO—
ZnTe composite exhibited a higher photocatalytic activity (66%) as compared to the as-synthesized ZnTe (23%), essentially due to
the synergy between rGO sheets and ZnTe nanoparticles. The role of the carrier’s mobility in the transportation of photo-induced
charges (electrons and holes) through the complex network of the composite materials and thus facilitating the photo-degradation
process is explained. In the end, the responsible reactive species for the decomposition of Rhodamine B was also interpreted.

B INTRODUCTION

Dye wastewater released into water bodies mainly by textile
industries is becoming a major environmental concern, causing
several ecological problems." In the past few decades, different
physicochemical and biological attempts based on chemical
and physical adsorption techniques have been made to degrade
these industrial effluents, but they are not cost-effective from
an economical point of view and often produce secondary
pollutants.” Among all advanced oxidation methods known to
date, the photocatalytic route based on semiconducting
materials has shown considerable efficiency in wastewater
decontamination processes.” Thus far, a large number of
compound semiconductors have been investigated for organic
dye decomposition since they possess an excellent larger
absorbance cross-section and higher environmental stability.*
Although the semiconductor materials have excellent potential
in the area of organic dye decolorization, they suffer from the
shortcomings of having wide band gaps and a comparatively
shorter life span of excitons, limiting the usage of these
semiconductors in practical applications.” As an example,
TiO,, which is one of the most promising materials for the
decomposition of many organic pollutants, responds only in
the UV region of the electromagnetic spectrum, attributed to
its wide band gap (~3.2 V).’ This causes fewer redox

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

26483

reactions with the pollutants and detrimentally affects its
degradation efficiency.”

On the other hand, zinc telluride (ZnTe), which is an
important group II-VI compound semiconductor having a
direct band gap of ~2.26 eV, has shown immense potential in a
wide range of applications in solar cells,” light-emitting diodes,”
optoelectronic devices,'® CO, reductions, ' and in wastewater
treatment.'> The solution-processed ZnTe nanostructures
demonstrate a few excellent features, namely, low production
cost, large surface area, good environmental stability, excellent
reusability and prominent visible-light absorption, which make
them a prospective photocatalyst. However, they also have an
inherent shortcoming that the fast electron (e”)—hole (h*)
recombination in ZnTe nanomaterials is responsible for their
weak photocatalytic performance, particularly under visible
light irradiation. Several attempts were made to decrease the
electron—hole recombination in these materials and thus
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ARTICLE INFO ABSTRACT

Keywords: We report herein a one-pot hydrothermal approach to synthesize zinc selenide (ZnSe)/zinc telluride (ZnTe)
Semiconductor heterostructures - a set of common cation-based photocatalysts. The crystal structure and phase purity of the
Hydrothermal heterostructures were verified by powder X-ray diffraction (PXRD) analysis, while field emission scanning
Heterostructure . coos .

Schottky diode electron microscopy (FESEM), transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy
Mobﬂit}}: (XPS) techniques were employed to study their morphology, microstructures, and surface electronic states,
Photocatalysis respectively. Notably, a detailed XPS analysis was conducted to discern the chemical species present on the

surface of the photocatalyst, providing valuable insights into the compound’s stability in an aqueous medium.
Furthermore, the synthesized hybrid structures were utilized to fabricate Schottky barrier diodes, enabling a
study of their electrical and dielectric properties using the Spatial-charge-limited conduction (SCLC) mechanism.
The key charge transport parameters for all the photocatalysts, namely, carriers’ mobility and transit time,
influencing the photo response and consequently, dye degradation were estimated. Notably, the ZnSe/ZnTe
heterostructure, comprising 50 % ZnSe and 50 % ZnTe, exhibited the highest mobility (3.36 x 10® S/m in the
dark, increasing to 1.70 x 10 S/m in light) and proved to be the most effective photocatalyst for degrading
Rhodamine B (with up to ~ 78 % degradation over 60 min of solar light irradiation) - underscoring the pivotal
role of carriers’ mobility in governing the photocatalytic activity. Moreover, the ZnSe/ZnTe heterostructure
demonstrated a remarkable reduction in the photo-corrosion process, a key challenge affecting the photocatalytic
activity of numerous materials. Our discussion highlighted the efficient separation of photoinduced electron-hole
pairs in the ZnSe/ZnTe heterostructure, facilitated by the synergistic effects of ZnSe and ZnTe, leading to the
achievement of the highest photocatalytic performance.

1. Introduction

Wastewater released by the textile industry is a major cause of
ecological imbalances and environmental concerns. Azo dyes,
commonly used in textile production, contain high levels of aromatic
rings and strong colours, making them harmful and carcinogenic to both
humans and animals [1]. In recent decades, various biological and
physio-chemical methods have been adopted to degrade these complex
dyes; however, many of these methods are not cost-effective and they
often produce hazardous by-products [2]. Among the various Advanced
Oxidation Processes (AOPs), photo-induced catalytic decomposition has
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E-mail address: parthap.ray@jadavpuruniversity.in (P. Pratim Ray).
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garnered significant attention from researchers due to its economical
and green approach to environmental remediation. Metal oxides and
sulphides, including TiO3 [3], ZnO [4], ZnS [5], CdS [6], ZnSe [7], WOs3
[8] and CeO3 [9] have been employed to bleach the industrial effluents
through photocatalytic decomposition methods. However, these single
metal oxides or sulphides suffer from several shortcomings, such as a
low surface-to-volume ratio, broad optical bandgaps, and short lifetimes
of photo-generated electron-hole pairs that limit the number of excitons
produced upon light illumination [10]. Even if the excitons are pro-
duced, their rapid recombination hinders an efficient degradation pro-
cess. For example, ZnO, despite having a higher hydroxyl ion-generating
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ABSTRACT

This study presents the synthesis of zinc telluride (ZnTe) nanoflakes and their
composite with reduced graphene oxide (RGO-ZnTe) through a simple
hydrothermal reaction. The crystal structure of the synthesized materials was
characterized using X-ray Diffraction techniques. Subsequently, the Metal-
Semiconductor (MS) based Schottky devices were fabricated by depositing the
ZnTe and RGO-ZnTe thin films and Aluminium electrodes via vacuum coating
methods. The surface morphology and topography of the deposited films were
investigated using field emission scanning electron microscopy (FESEM) and
atomic force microscopy (AFM) techniques, respectively, to study the formation
of MS junctions. The interfacial properties of the MS junctions in the Al/ZnTe/
ITO and Al/RGO-ZnTe/ITO configurations were analyzed using ac impedance
spectroscopy over a frequency range of 50 Hz-10 MHz. Thereafter, the bias-
dependent impedance spectrometry was also conducted within a voltage range
of £ 0.6 V to establish the equivalent circuits for the fabricated MS junction
Schottky diodes (SDs). The diode parameters, including on/off ratio, ideality
factor, barrier height and series resistance were determined by measuring the
current-voltage (I-V) characteristics of the fabricated SDs. Further, the charge
transport parameters, such as dc conductivity and photosensitivity, were also
estimated. The findings indicate that the Schottky devices based on the RGO-
ZnTe composites exhibit enhanced device performance compared to those
based on pristine ZnTe, attributed to the synergistic effects between the RGO
sheets and ZnTe nanoflakes.
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model in zinc phthalocyanine (ZnPc) based Schottky diodes and its
charge transport properties
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In this report, the ZnPc-based metal-semiconductor (MS) junction Schottky devices (Al/ZnPc/ITO) were
fabricated using an effusion cell coating unit. To study the formation of the MS junction, the surface mor-
phology of the deposited ZnPc thin film was investigated using field-emission scanning electron micro-
scope (FESEM) images. The interfacial properties of the MS junction of the Al/ZnPc/ITO configuration
were studied using the ac impedance spectroscopy technique within the frequency range of 50 Hz-
10 MHz at room temperature (300 K). The bias-dependent impedance spectroscopy was carried out
within the voltage range of +1 V to establish the equivalent circuit of the MS junction Schottky diodes
(SDs). The current vs. voltage (I-V) measurements of the fabricated SDs were also conducted to deduce
the diode parameters, namely on/off ratio, photosensitivity, ideality factor, barrier height, and series
resistance. The charge transport parameters including dc conductivity, mobility and transit time of the
charge carriers were also estimated employing the spatial-charge limited current (SCLC) theory, which
illustrates the enhanced carrier's mobility and consequently, the device performance after light
irradiation.

Copyright © 2023 Elsevier Ltd. All rights reserved.

Selection and peer-review under responsibility of the International Conference on Advances in Smart
Materials, Chemical & Biochemical Engineering.
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Mobility

1. Introduction material for its excellent photoconductive and photo-responsive

properties [4].

In recent times, the use of organic semiconductors in optoelec-
tronic devices has significantly increased to meet the growing
demand for solar energy harvesting. Compared with their inor-
ganic counterparts, organic materials have a low environmental
impact and relatively low production costs with unlimited abun-
dance. Among the variety of organic semiconductors, phthalocya-
nines (Pcs) manifest various excellent features such as non-
toxicity, ease of processing, higher physical and thermal stability,
and broadly visible light absorbance — which make them a promis-
ing candidate for numerous optoelectronic applications, namely,
light-emitting diodes [1], solar cells [2], sensors [3]. Amidst many
metal-phthalocyanines, the deep bluish-green colored zinc
phthalocyanine (ZnPc) has been extensively studied as a promising

* Corresponding author.
E-mail addresses: parthapray@yahoo.com, parthap.ray@jadavpuruniversity.in (P.
Pratim Ray).
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However, the potential of the organic zinc phthalocyanine
(ZnPc) for prospective optoelectronic device applications still has
to be investigated by examining its electrical charge transport
parameters and equivalent circuit model of the interfaces present.
Understanding the Schottky barrier diodes would be an excellent
start to assess the electronic conduction through the metal-or-
ganic semiconductor interfaces and subsequently, the performance
of the device. In this work, an analysis is reported on the charge
transport properties of the ZnPc-based Schottky devices, in which
a thin layer of ZnPc was sandwiched between the aluminium (Al)
and indium tin oxide (ITO) electrodes. The bias-dependent impe-
dance spectroscopy of the Al/ZnPc/ITO configuration was studied
to investigate different interfacial properties. The I-V measurement
was also carried out under dark and light conditions to analyze the
photo-responsive properties and charge transport mechanism
within the MS junction ZnPc-based Schottky devices.

Selection and peer-review under responsibility of the International Conference on Advances in Smart Materials, Chemical & Biochemical Engineering.
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In this work, the synthesis of visible light sensitive copper sulfide (CuS) nanoparticles and their composites
with carbon nanotubes (T-CuS) via a solvothermal technique is reported. The synthesized nanoparticles
(NPs) and their composites were significantly characterized by powder X-ray diffraction (PXRD), scanning
electron microscopy, transmission electron microscopy, X-ray photoelectron spectroscopy, UV-vis
spectroscopy, photoluminescence (PL) spectroscopy and thermogravimetric analysis (TGA). The effect of
carbon nanotubes (CNTs) on the crystallinity, microstructures, photo-absorption, photo-excitation,
thermal stability and surface area of CuS was investigated. The current—voltage (/ vs. V) characteristics of
both CuS and T-CuS based Schottky diodes were measured to determine the charge transport
parameters like photosensitivity, conductivity, mobility of charge carriers, and transit time. The
photocatalytic performance of bare CuS and T-CuS in the decomposition of Rhodamine B dye was
studied using a solar simulator. The T-CuS composite showed higher photocatalytic activity (94%)
compared to bare CuS (58%). The significance of charge carrier mobility in transferring photo-induced
charges (holes and electrons) through complex networks of composites and facilitating the
photodegradation process is explained. Finally, the reactive species responsible for the Rhodamine B
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rsc.li/nanoscale-advances degradation were also identified.

Introduction

Organic dyes and pigments discharged into water sources,
mostly by the paint and textile industries, are causing serious
environmental issues and harming the ecosystem in other
ways.! Over the last few decades, various biological and physi-
cochemical experiments based on physical as well as chemical
adsorption approaches have been conducted to decompose
these industrial pollutants. However, these processes often
produce secondary pollutants and are not cost-effective from
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the economic viewpoint.” The photocatalytic approach based on
semiconductor materials has demonstrated significant effi-
ciency in wastewater purification among all advanced oxidation
techniques known to exist.® There are some well-known semi-
conducting photocatalysts, namely TiO, and ZnO, which have
been widely used to decompose organic pollutants, but their
use is hindered due to their wide range bandgaps, which are
3.2 eVand 3.37 eV for TiO, and ZnO, respectively, limiting their
light absorption mainly in the ultraviolet (UV) region of the
solar spectrum.*® This reduces the redox reactions with the
impurities and significantly affects the rate of degradation.®
On the other hand, copper(u) sulfide (CuS) has a narrow
direct bandgap of 2.29 eV, due to which it can efficiently capture
visible light from the solar spectrum, making it practically
function as a ‘visible-light-driven photocatalyst’. It also has
excellent optical and electronic properties which show great
potential in many fields like solar cells,” energy storage,® gas
sensors,’ biosensors' and photocatalysis."* Copper sulfide has
some excellent features, such as its environmentally friendly
and non-toxic nature, low cost, biocompatibility, higher phys-
ical and chemical stability and ease of recyclability which

Nanoscale Adv, 2023, 5, 3655-3663 | 3655
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Phenoxo-bridged dinuclear mixed valence
cobalt(in/n) complexes with reduced Schiff base
ligands: synthesis, characterization, band gap
measurements and fabrication of Schottky
barrier diodesf
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Two homometallic class-I dinuclear mixed valence cobalt complexes, [(Ns)Co"LY(u-CgHa(NO,)CO,)
Co"(N3)] (1) and [(N3)Co""L2(u-CeHa(NO,)CO,)Co"(N3)l (2), have been synthesized using muiltisite N>O4
coordination ligands, HoL! {where H,L! = (2,2-dimethyl-1,3-propanediyl)bis(iminomethylene)bis(6-meth-
oxyphenol) and H,l? =
complex has been structurally characterized by single crystal X-ray diffraction and spectral analysis. Both

(2,2-dimethyl-1,3-propanediyl)bis(iminomethylene)bis(6-ethoxyphenol)}. Each

the cobalt centers in these dinuclear complexes adopt a distorted-octahedral geometry, where the cobalt
() center resides at the inner N,O, cavity and the cobalt(i) center resides at the outer O4 cavity of the
reduced Schiff base. Both of them show good electrical conductivity, which has been rationalized by
band gap measurements. The band gap in the solid state has been determined by experimental and DFT
calculations and it confirms that each of the two complexes behaves as a semiconductor. The space-
charge-limited current (SCLC) theory is employed to evaluate the charge transport parameters such as
effective carrier mobility and transit time for both complexes. The difference in the conductivity values of
the complexes may be correlated with the strengths of extended supramolecular interactions in the com-

Received 27th October 2020,
Accepted 16th December 2020

DOI: 10.1039/d0dt03707a

plexes. Bader's quantum theory of atoms-in-molecules (QTAIM) is applied extensively to get quantitative
and qualitative insights into the physical nature of weak non-covalent interactions. In addition, the non-
covalent interaction reduced density gradient (NCI-RDG) methods well support the presence of such

rsc.li/dalton non-covalent intermolecular interactions.

class-IT and class-III. Such classifications were made in terms
of electron delocalization parameters between the different

Introduction

Mixed valence complexes have gained enormous attention in
the field of coordination chemistry since the first synthesis of
Prussian blue in 1704 due to their valence localization/deloca-
lization character and intervalence electronic transitions.'
According to the Robin-Day classification, mixed valence com-
plexes are broadly divided into three major classes viz. class-I,

“Department of Chemistry, Inorganic Section, Jadavpur University, Kolkata-700032,
India. E-mail: shouvik.chem@gmail.com

bDepartment of Physics, Jadavpur University, Kolkata-700032, India.

E-mail: parthapray@yahoo.com

‘Govt. College of Engineering and Leather Technology, Salt Lake Sector-III, Block-LB,
Kolkata 700106, India

tElectronic supplementary information (ESI) available: Hirshfeld surface ana-
lysis, Tables S1-S4 and Fig. S1-S6. CCDC 2035842 and 2035843 for 1 and 2. For
ESI and crystallographic data in CIF or other electronic format see DOI: 10.1039/
dodt03707a

This journal is © The Royal Society of Chemistry 2021

metal centers.> Focussing on mixed valence chemistry, mixed
valence cobalt complexes constituting both cobalt(m) and
cobalt(u) ions represent a special class due to their extensive
range of applications in magnetism, catalytic activity and
electro-chromism.”> The most popular mixed valence complex
of cobalt is Co;0,, a class-I type, that has long been known for
its normal spinel structure where cobalt(m) centers (low spin)
reside in an octahedral environment and cobalt(u) centers
(high spin) are in a tetrahedral environment.*

The exploration of the optoelectronic properties of several
complexes is one of the foremost areas of recent research.’
The formation of such photoconductive fragments requires
the generation and transportation of photoinduced charge car-
riers within the network.® The complexes may also be used as
light-harvesting and energy transfer materials.” They could
also be used to fabricate Schottky barrier diodes.® In the

Dalton Trans., 2021, 50,1721-1732 | 1721
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ironn)  complexes, [Fe(L)(Ng)] and [Fe(lD(N3)l, {H.L! = N,N'-bis(3-
methoxysalicylidene)diethylenetriamine and H,L? = N,N'-bis(3-ethoxysalicylidene)diethylenetriamine} have
been synthesized and characterized by elemental, spectral and X-ray crystallographic studies. Structural
features have been examined in detail that reveal the formation of interesting supramolecular networks
generated through weak non-covalent interactions. The current-voltage characteristic curves for an Al/
complex Schottky-barrier diode (SBD) exhibit non-ohmic behavior. Important parameters like ideality
factor, barrier height and series resistance are measured with the help of thermionic emission (TE) theory.
Space-charge-limited current (SCLC) theory is employed to evaluate the charge transport parameters such
as effective carrier mobility and transit time for both complexes. Complex 1 is found to be more
conductive. To obtain insight into the physical nature of weak non-covalent interactions, Bader's quantum
theory of atoms-in-molecules (QTAIM) is used extensively. Additionally, the non-covalent interaction
reduced density gradient (NCI-RDG) methods established nicely the presence of such non-covalent
intermolecular interactions.

Two  mononuclear

Received 13th February 2020,
Accepted 29th June 2020

DOI: 10.1039/d0ce00223b

rsc.li/crystengcomm

Many mononuclear metal complexes have also been used
to fabricate a Schottky diode.” The electronic charge in these

Introduction

Metal-organic frameworks and coordination polymers have
the ability to be used in optoelectronics." A Schottky diode is
one of such optoelectronic devices which may be fabricated
by any semiconducting material showing a rectifying nature
at the metal-semiconductor junction.” In a Schottky diode, a
junction is formed between metals (such as aluminum, silver
or platinum) and a semiconductor.”> The device performance
and reliability are dependent on the interfacial properties of
metal-semiconductor junctions. Use of semiconducting
inorganic complexes to fabricate a Schottky diode is also
reported in the literature.*

“ Department of Chemistry, Inorganic Section, Jadavpur University, Kolkata-
700032, India. E-mail: shouvik.chem@gmail.com

b Department of Physics, Jadavpur University, Kolkata-700032, India.

E-mail: parthapray@yahoo.com

“Govt. College of Engineering and Leather Technology, Salt Lake Sector-III, Block-
LB, Kolkata 700106, India

t Electronic supplementary information (ESI) available: Contains detailed
discussion of supramolecular interactions, IR spectra, device fabrication, etc.
CCDC 1981611 and 1981612 contain the supplementary crystallographic data for
complexes 1 and 2. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/d0ce00223b

5170 | CrystEngComm, 2020, 22, 5170-5181

complexes may be transported via their supramolecular
architectures, e.g. H-bonding network, n-m interaction
assembly, etc.® However, prior to this work, no systematic
analysis was performed to check the ability of these
supramolecular interactions for carrying charges in their
crystalline assembly. In this work, we have synthesized two
more or less similar mononuclear complexes, differing only
in the pendant side arms; one contains methoxy side arms
and the other contains ethoxy side arms. Thus, everything in
these two complexes is practically the same, except their solid
state supramolecular interactions. Our intention is to
correlate electrical properties with their supramolecular
interactions.

In this work, we concentrate on iron(m), because the
ability of iron(m) Schiff base complexes to exhibit Schottky
barrier diode behavior was not revealed as yet. So, the
behavior  of  iron(m)-Schiff base complex based
semiconductors is completely unknown. Therefore, we have
synthesized two mononuclear iron(m) complexes, [Fe(L")(N3)]
(1) and [Fe(L*)(N;)] (2), with two similar N;O, donor Schiff
base ligands [H,L' = N,N-bis(3-methoxysalicylidene)-
diethylenetriamine and H,L> = N,N'-bis(3-ethoxysalicylidene)-

This journal is © The Royal Society of Chemistry 2020






Journal of Physics and Chemistry of Solids 150 (2021) 109878

,"‘.‘ Yo ¥
= % v

L e
[ jousnn s
W PHYSICS

Contents lists available at ScienceDirect

Journal of Physics and Chemistry of Solids

journal homepage: http://www.elsevier.com/locate/jpcs

ELSEVIER

Check for

Investigation of conduction kinetics in Al/CulnSe; Schottky device utilizing e
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I-V Characteristics

Space charge limited current (SCLC)
Mobility

Copper Indium Selenide (CulnSey) has been synthesized by solvothermal synthesis method. The Schottky diode
(SD) has been fabricated by using the material and the interface characteristics of Al/CulnSey/ITO have been
investigated with the help of ac impedance spectroscopy (IS) analysis (under dark condition) and dc current-
voltage (I-V) measurements (under both dark and photo condition). IS is a very important and powerful tech-
nique to investigate and analyze the impedance at the boundary regions of SDs. Ac impedance spectra of Al/
CulnSe, SD have been recorded in the wide range of frequency from 40 Hz to 20 MHz during dc bias scanning
from —0.5 V to 0.5 V under dark condition. From forward I-V characteristics, important parameters such as
ideality factor (1)), photosensitivity, barrier height (®y,), series resistance (Rg) of SD were obtained under dark and
photo condition. The photosensitivity of the Al/CulnSe, SD was found to be 3.36. For better realization of charge
transport phenomena through the MS junction, space charge limited current (SCLC) theory has been employed.
The effective mobility of the carrier is evaluated in dark and photo condition as 0.42 x 10~ m?vV~!s™! and 2.11
x 1072 m2V 157! respectively. It has been observed that the mobility is improved 5 times under illumination
compared to the dark condition.

efficiency of PV devices [4]. Furthermore, one can reduce the absorption
layer up to a several micrometers and by substituting of In>* by Ga®* the

1. Introduction

For the sake of conservation of energy, a low cost sustainable power
source is extremely essential for the well being of the human kind [1].
The conventional solar cells being very costly, it requires a search for
materials for solar energy conversion. Photovoltaic cells based on
I-1II-VI compounds have shown a lot of promises for solar energy har-
vesting. Copper indium selenide (CulnSe,) is one of those promising
materials and a ternary chalcopyrite IB-IIIA-VIA compound semi-
conductor. It (CIS) has been one of the most potential absorber materials
because few of its alluring characteristics for photovoltaic application
such as high optical absorption coefficient, suitable band gap [2,3] that
can harvest a wide range of visible lights which are ideal for the
development of photovoltaic devices. This material has gained much
attention for the researchers everywhere throughout the world also
because of its good stability under radiation, low toxicity and high

* Corresponding author.

E-mail addresses: partha@phys.jdvu.ac.in, parthapray@yahoo.com (P.P. Ray).

https://doi.org/10.1016/j.jpcs.2020.109878

band gap can be adjusted from 1.00 eV to 1.68 eV [2]. In view of such
optical and electrical properties it has became one of the most significant
photovoltaic materials. Various researchers have paid their attention for
the measurements of thermal conductivity, optical absorption, Raman
spectra and magneto-resistance on both single and polycrystalline
samples [5-9]. R. Bouferra et al. [10] reported the AC conductivity of
n-CulnSe; material utilizing impedance spectroscopy (IS) over a broad
range of temperatures [80 K-300 K] and frequencies [20 Hz-1 MHz].
The report also provided some useful insight about the conduction
mechanism in the material. However, metal-semiconductor (MS) con-
tacts are mostly used as rectifying junction for different electronic de-
vices like solar cells, ICs and photosensitive detectors [11-15]. As the
MS junction plays a pivotal role in different microelectronic devices, the
study of the influence of this material on the performance of electronic

Received 6 September 2020; Received in revised form 20 October 2020; Accepted 25 November 2020
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In this study, mesoporous manganese oxide-titanium dioxide (Mn,O3/TiO,) nanocomposites have been syn-
thesized following sol-gel method. Different molar ratios of Mn/Ti were evaluated and MT2 (5:1) showed the
best photoactivity as well as carrier transport properties. The Langmuir-Hinshelwood model was delineated to
calculate the reaction rate which was found to be highest for MT2 (min™). Several parameters including pore size
distribution, pore volume, adsorption isotherms have been analyzed as per Brunauer-Emmett-Teller (BET)

method. That was attributed to the high surface area (121.81 m?/g). The space charge limited current (SCLC)
theory was employed to calculate the mobility and transit time. MT2 showed the highest carrier mobility
(326 X107 m? V's™) and lowest transit time (0.08 X 1075 s) which are desirable for efficient photoactivity.

1. Introduction

The synthesis of mesostructured materials has been recently at-
tracted tremendous research interest [1]. TiO, is the most widely in-
vestigated mesoporous metal oxide exhibiting excellent potential ap-
plications as catalysts, electrode materials, photocatalysts, sensors,
solar cells and in bioanalytical chemistry [2-6]. However, its high
bandgap energy restricts its applicability. So, TiO, in other medium as a
dispersed material or as a constituent of a nanocomposites seems to be
considered as an attractive approach for the fabrication in support of its
suitable application in diverse field. Because of its poor dispersity, re-
duced surface area and pore sizes etc. are still regularly practiced so
that it can be extended using the absorption properties of TiO; to the
visible range as well as to change the equilibrium concentration of
electrons and holes of such with the variation of concentration of do-
pant.

Many attempts have been made to modify the physical, chemical
and optical properties by mixing TiO, with other oxides [7-9]. Among
them, the coupled Mn,03/TiO, seems to present the interesting optical
and photocatalytic properties which may also prove to be a perspective
material for solar energy conversion. Non-toxicity and earth abundance
have been recently featured due to the introduction of Mn,O3; in
Mn,03/TiO, mixed system. These composites may be explicitly used for

* Corresponding author.
E-mail address: tpmajumder1966@gmail.com (T.P. Majumder).
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2468-0230/ © 2020 Elsevier B.V. All rights reserved.

the fabrication of materials which may provide mainly capacitance in
nature [10, 11], and also may be allowed for absorption of visible light
which theoretically can be extended up to infrared region [12-16].
However, a few works have been reported till now in literature related
to the application of such composites in photocatalysis [5, 17, 18].
Topoglidis et al. [5] synthesized a series of visible light driven meso-
porous structured MnO,/TiO, nanocrystal photocatalysts with large
pore size. Purkayastha et al. [17] reported about the photodegradation
capability of low temperature synthesized phase pure rutile titanium
oxide nanostructured materials. Waris et al. [18] reported about the
photocatalytic degradation of palm oil mill effluent using the synthe-
sized manganese oxide-modified titanium oxide nanocomposites. They
emphasized about the improved photocatalytic efficiency because of
the effective significant separation of photogenerated electrons and
holes pairs. On the basis of these findings, in the present paper, we have
not only tried to focus on the optical properties of manganese oxide-
titanium dioxide nanocomposites (Mn,03-TiO,) but have also informed
about the effectiveness of spherical like Mn,03/TiO in dye degradation
because of ultraviolet (UV) irradiation. Since TiO, has a high bandgap
having behavior of inertness in activity and Mn,O3 has the capability
for photodegradation as well as high oxidation reagent, therefore, the
introduction of TiO in Mn,O3 system makes its fruitful for having high
photocatalytic reactivity barring the capability of photodegradation.
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ARTICLE INFO ABSTRACT

Keywords: A 2-D coordination polymer, {[Cd4(ppmh)4(fum)4(H20)4].3H20},, (CP) (Hofum, fumaric acid; ppmh, N-Pyridin-
Pyridyl-hydrazone 2-yl-N'-pyridin-4-ylmethylene-hydrazine) has been synthesized and structurally characterized by single-crystal
Fumarate X-Ray diffraction study. The structure shows that the coordination polymer is constituted by fumarato
cdan . bridging via chelation/bidentate coordination to neighbouring Cd(II) centers. The ligand, ppmh has two terminal
Photoconductivity

pyridyl-N and hydrazino-N binding centers. One of the pyridyl-N and hydrazino-N forms a five-member chelate
ring with Cd(II) while other pyridyl-N coordinates to adjacent Cd(II) ion. The 2D CP extended itself to 3D su-
pramolecular array by virtue of n— = interaction and H-bonding. The optical bandgap of the CP is 3.29 eV which
implies semiconducting nature and has been supported by the ground state computational analysis. The electrical
conductivity and I-V characteristic have shown that the conductivity is improved upon light irradiation (DC
conductivity: dark, 0.87 x 1072 and light, 2.45 x 1072 Sm™!) and approves the Schottky Barrier Diode (SBD)
feature. The DFT computation and the partial density of states (PDOS) calculation show that the n-character of
the aromatic hydrazone ligand dominates the valence and conduction bands with negligible participation of the

The computational study

Cd orbitals.

1. Introduction

Pyridyl-N containing n-deficient molecules are excellent photoactive
and electroactive coordination polymer (CPs) forming ligands [1-11].
Functionalization of such organic motifs may have advantages to serve
as bridging ligands to bring many (same or different) cation centers
together which may assist light-harvesting mechanism, improve con-
ductivity, magnetism etc. The coordination polymer, a multinuclear
platform, is made by organic linkers and the metal knots [5-11]. Judi-
cious selection of components of CPs in the designing pathway is an
important aspect because the properties of CPs have been highly influ-
enced by the nature of metal ions, functionality and flexibility of the
ligands [12,13]. Dicarboxylates are used as bridging linkers for the
preparation of different classes and dimensions of CPs with different
coordinating modes and sizes [14-16]. The electrical properties of CPs
are dependent on the steric and electronic nature of bridging ligands
[13-15]. The CPs are highly sensitive towards external stimuli like
luminescence [17,18], thermal, electric, magnetic and optical fields

* Corresponding authors.

[19]. The CPs synthesized from aliphatic carboxylate linkers with d*°
metal ions such as Zn?t, Cd?t are found to exhibit semiconducting
properties and have been used in photonic and electronic devices
[20-25]. Band gap of the CPs can be tuned by changing the size and the
conjugation of the bridging ligands. In this view, mixed ligand CPs are
the promising hybrid CP to design electrical, electronic and photonic
devices. Pyridyl donors are the useful ligand to generate such stimuli
sensitive materials [15,20]. Pyridyl-hydrazones can bind in different
coordination modes to metal ions giving rise to stable crystalline CPs
with interesting structural aspects [26-28]. Fumaric acid has also been
used to supply a platform to prepare coordination polymers [29,30]. In
this work, we have designed pyridyl-hydrazone Schiff base that bridges
in different fashion along with fumaric acid to bring Cd(II) centers
together to synthesize a CP, {[Cd4(ppmh)4(fum)4(H20)4].3H20}
(ppmh, N-Pyridin-2-yl-N'-pyridin-4-ylmethylene-hydrazine). The char-
acterization of the CP has been done by several spectroscopic procedures
(FT-IR, UV-Vis) and the Single Crystal X-ray Diffraction study approves
the structure. Ppmbh has two types of coordination modes- it coordinates
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In this work, two new Cu(i) and Cof(i) based coordination polymers (CPs), [Cox(bpd),(nac),]-2CH3zOH-
H,O (Co-CP) and [Cu,(bpd),(nac),]-2CH3CN-2H,O (Cu-CP) respectively, have been synthesized using a
bidentate pyridyl ligand, N,N’-bis(1-pyridine-4-yl-ethylidene) (bpd), linker with the less explored 3-(1-
naphthyl)acrylic acid (nac) ligand appended at the metal centre to fulfil the molecular geometry. Here,
Co-CP forms a one-dimensional (1D) ladder polymer, whereas Cu-CP consists of a combination of 1D
chains and 1D ladder polymers. Interestingly, both the CPs exhibit semiconducting behaviour with
increased conductivity upon illumination, signifying the photosensitive nature. However, Cu-CP reveals

Received 19th September 2022,
Accepted 9th November 2022

better conductivity as compared to Co-CP. This is obvious from the field emission electron microscopy
(FESEM) study, where Cu-CP with flower-like morphology shows a higher surface area with respect to
the rod-shaped morphology of Co-CP, resulting in higher charge transport. To the best of our
knowledge, Co/Cu based CPs showing photosensitivity seem to be scarce. Thus, this study opens a new

DOI: 10.1039/d2ma00911k

rsc.li/materials-advances

Introduction

The dramatic revolution of laboratory to land applications
of materials chemistry propagates at an extraordinary pace.
Application of materials has directly been governed by the
structural architecture and morphology. In this regard, coordi-
nation polymers (CPs)'™ have attracted materials researchers
mostly because of their unique molecular structures and excellent
stabilities. These hybrid molecular systems are constructed
through inorganic metal ions or metal clusters and organic
ligands."®™> Hence, the molecular properties as well as applica-
tions are also regulated by the nature of the metal centers and
ligands. A combination of organic components (O-donor and
N-donor ligands) is commonly exploited to achieve structural
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(Cu-CP). For ESI and crystallographic data in CIF or other electronic format see
DOI: https://doi.org/10.1039/d2ma00911k
i These authors contributed equally.

© 2023 The Author(s). Published by the Royal Society of Chemistry

avenue in the fabrication of photoresponsive electronic devices.

varieties and desired molecular properties.’®*® In these coordina-
tion systems, metal salts or organic linkers are judiciously selected
to confer the application field. In fact, there is an essential
relationship between the structural architecture, properties and
utilities of the materials. Rational construction and scientific
judgment during the engineering of these crystalline materials
make them easier to characterize and illustrate important
structure-property relationships. In the construction of higher
dimensional supramolecular architecture, various supramolecular
interactions such as hydrogen bonding, n- - -, C-H- - -x, cation- - -,
anion- - -m, halogen: - -halogen, halogen---n and van der Waals
interactions play the crucial role.'®?' Sometimes, these self-
assembled structures are entirely unlike and more proficient than
the unassembled forms. The discussed inorganic-organic hybrid
materials are extremely applicable in the territory of gas sorption,
molecular storage and separation, ion exchange, electrochemical
catalysis, energy technology, drug delivery, temperature-dependent
magnetism, sensing and detection of noxious ions and emerging
analytes, proton conductance, electrical conductivity, electronic
device fabrication, etc.?*>*

Of these, utilization of CPs in electrical conductivity and
device fabrication is particularly important as these CPs can be
explored to overcome the energy crisis situation and for tech-
nological interest. However, in CPs, the poor extended electro-
nic coupling among the metal nodes and the ligands impedes
competent charge transport.>>*® The consequential electronic

Mater. Adv,, 2023, 4, 215-222 | 215
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ARTICLE INFO ABSTRACT

Keywords: In this research, the temperature dependent dynamical behavior of Schottky junction Al/rGO-SnO? has been
rGO-5n0; 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
ideality factor and barrier height with rising temperature for the junction. Experimentally derived Richardson
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
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 dis-
tribution. The material characterization and its Schottky behavior in normal temperature had been published

Schottky diode
Barrier height
Interface
Inhomogeneity
Gaussian distribution

elsewhere.

Introduction

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).

https://doi.org/10.1016/j.rinp.2022.105996

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-SnO5 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 SnO5 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

Received 18 July 2022; Received in revised form 11 September 2022; Accepted 15 September 2022

Available online 16 September 2022

2211-3797/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Designing of a Zn(i)-isonicotinohydrazido
thiophenyl based 2D coordination polymer:
structure, augmented photoconductivity and
superior biological activityt

Kingshuk Debsharma,}? Sunanda Dey,1°° Dhananjoy Das,® Satyajit Halder,®
Joaquin Ortega-Castro, @ Sarita Sarkar,® Basudeb Dutta, ©" Suvendu Maity,°
Kuladip Jana,*¢ Antonio Frontera, @ *

Partha Pratim Ray*® and Chittaranjan Sinha (DR

Thiophenyl-isonicotinohydrazide, a multidentate Schiff base, acts as a tridentate N,O,N donor out of which
N,O-chelates to one Zn(1) and pyridyl-N links to the adjacent Zn(i) to constitute a 2D coordination
polymer, {[Zn(SIZ),]-DMF}, (CP1) (HSIZ = (E)-N'-(thiophen-2-ylmethylene)isonicotinohydrazide, DMF = N,N-
dimethylformamide). CP1 has been characterized by different physicochemical data and confirmed by
single crystal X-ray crystallographic measurement. The H-bonding, C-H---w and n---= interactions in the 2D
geometry of the coordination polymer creates a 3D architecture. The Tauc plot for CP1 indicates an optical
band gap of 2.91 eV (calc., 2.48 eV) (direct)/2.80 eV (calc., 2.50 eV) (indirect) and CP1 is non-conducting
(2.53 x 1072 Sm™) in the dark while it is enhanced by ~23000 times (5.97 x 107> Sm™) upon light irradiation
(1000 Wm™). Considering the biological importance of isoniazid and Zn(i) the antimicrobial activities of
CP1 is measured against Staphylococcus aureus and Escherichia coli (MIC, 20 ug mL™). The cytotoxic
potency of CP1 is examined on thirty different cancer cell lines which has been found active against four
cancer cell lines, HCT-116 (colon cancer), Hela (cervical cancer), MDA-MB-231 (human breast cancer cell),
and HepG2 (hepatocellular carcinoma) and the results are compared with the human normal kidney
epithelial cell line, NKE. However, CP1 shows the highest anticancer efficiency against Hela (ICso: 9.13 +
2.32 ug mLY cells. The mechanism of cell killing activity may presumably be the generation of intracellular
reactive oxygen species as suggested by the caspase 3/7 activation assay.

Introduction

In the past few decades, the scientific community has
witnessed a considerable switching in the mode of research
in chemistry from the fundamental area to diverse real-world
applications. Subsequently, the current drift in research
specially in inorganic chemistry has increasingly been focused
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in the designing of different coordination polymers (CPs)/
metal-organic frameworks (MOFs) owing to their diversity in
structural frameworks, easy synthetic procedure, high thermal
and chemical stability, excellent level of purity in their native
crystalline form, large surface area, high porosity (MOFs) and
tunable structure-property relationship."™ The physical
properties of MOFs make them attractive for various practical
applications in the field® " of sorption, separation of gases,
sensing of ions, catalysis, magnetism, photoconductivity, etc.
The promising involvement of MOFs in numerous
environmentally benign applications such as fuel storage, fuel
cells, batteries, superconductivity, supercapacitors and photo-

This journal is © The Royal Society of Chemistry 2023
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Synthesis of a Zn()-based 1D zigzag coordination
polymer for the fabrication of optoelectronic
devices with remarkably high photosensitivity¥
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A Zn(n) based one-dimensional coordination polymer (1D CP), [Zni(adc)4(4-cltpy)s]-CH3zOH-2H,O (1)
(Hadc = acetylenedicarboxylic acid and 4-cltpy = 4'-chloro-[2,2';6",2"] terpyridine), has been synthesized
by a slow diffusion method and characterized by X-ray crystallography. Here, the linear adc ligand acts as
the linker between two Zn(i) centers and a chelating 4-cltpy ligand is appended at the metal node. The
connectivity of the ligands with metal ions generates a 1D zigzag polymeric chain. The zigzag chains are
aggregated through various secondary interactions to construct a three-dimensional (3D) structure. The
optical band gap has been determined and correlated with the theoretical band gap calculated by density
functional theory (DFT) computations, which reveals that compound 1 possesses semiconducting pro-
perties. Moreover, compound 1 shows remarkably high photosensitivity (Ps = 1134) upon illumination by

rsc.li/frontiers-inorganic

Introduction

In the modern era of the scientific community, application
based research works are much more important due to their
necessity to help living beings and save the environment from
disaster. In this regard, materials science claims to be an
active participant in the game of scientific evolution. It gathers
chemistry, physics and biology within a single umbrella.
However, only chemistry has the opportunity to design and
synthesize the materials, whereas physics or biology uses them
for different applications. The polymeric form of a coordi-
nation compound, i.e. the coordination polymer (CP),"® is one
important area in materials chemistry or materials science.
CPs are occasionally called hybrid materials as they are
designed from both organic and inorganic compounds. From
the structural point of view, inorganic metal ions or metal clus-
ters act as nodes, while organic O, N, S, and P donor ligands
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light. Therefore, compound 1 has the potential to be used in optoelectronic devices and solar cells.

act as spacers. Judicious choices of nodes and spacers have
demonstrated the structural diversity of CPs.'** By tuning the
structural architecture, one can easily regulate the properties
of CPs."*'® It is also an eternal focus of chemists to correlate
between the structure and properties of a compound or
material. The properties of a material are affirmed by their
application. Thus, there are inevitable relations among struc-
ture, properties and applications. In the case of CPs, the pro-
perties are altered with the dimensionality, as one-dimen-
sional (1D), two-dimensional (2D) or three-dimensional (3D)
according to the difference in chemical atmosphere.

CPs provide many possible options for the fabrication of
photonic and optoelectronic devices, however, the area has
attracted much less attention than the typical numerous appli-
cations of such materials. During the last few years, polymeric
organic compounds have been used as semiconducting
materials,'** but their poor thermal stability has them back.
As a consequence, coordination polymeric compounds could
be a potential candidate for use in optoelectronic devices. As
the organic components perform a crucial role in shaping the
overall electronic properties, these materials can be tailored by
the judicious selection of organic ligands. The relatively strong
covalent bonds designed by the self-assembly process facilitate
the rational design and provide high thermal and chemical
stability to the CPs.>>™>°

Recently, we have been able to synthesize a series of 1D and
2D CPs mainly based on monodentate N-donor ligands, where

Inorg. Chem. Front, 2019, 6, 1245-1252 | 1245
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Elucidation of Inhomogeneous Heterojunction
Performance of Al/CusFeS4 Schottky Diode With
a Gaussian Distribution of Barrier Heights

Sayantan Sil

, Rajkumar Jana, Animesh Biswas, Dhananjoy Das, Arka Dey,

Joydeep Datta, Dirtha Sanyal, and Partha Pratim Ray

Abstract— Here, we analyze inhomogeneities in the bar-
rier height (BH) of Al/CusFeS; Schottky device from the
electrical (V) measurements with a temperature range
between 303 and 408 K. The temperature-dependent per-
formance of our fabricated device is analyzed by using
the thermionic emission (TE) theory. Some important diode
parameters like BH (®y,,), ideality factor (1), and series resis-
tance (Rs) are evaluated from the forward current-voltage
characteristic curves. The calculated ; and Rg of the Schot-
tky barrier diode (SBD) decrease, whereas the @, of the
device increases with the increase in temperature. The value
of Richardson constant (A*) for our material is obtained as
1.94 x 104 A cm~2 K~2 in the temperature range 303—408 K,
which is found as much lesser than the theoretical value
of 29.90 A cm~2 K2, The discrepancy of A* from the theo-
retical value has been well explained by TE theory with the
assumption of Gaussian distribution (GD) of BHs due to the
existence of BH inhomogeneities at metal semiconductor
(MS) junction. The obtained values of the mean BH @, and
the standard deviation 55 are 1.026 eV and 173 mV in the
corresponding temperature range. The mean BH (1.199 eV)
and Richardson constant (29.73 Acm—2K~2) are determined
from the modified Richardson plot depending on the inho-
mogeneity of BHs. Apparent BH consists of mean BH ( @, )
and standard deviation (ss). The s contributes significantly
to the modification of Richardson constant and mean BH.
The calculated value of the modified Richardson constant
is in close agreement with the theoretical value. From
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C-V measurements built-in voltage and effective BH of this
structure were calculated as a function of frequency.

Index Terms— Al/CusFeS, Schottky diode, barrier inho-
mogeneities, Gaussian distribution (GD), /-V characteris-
tics, Richardson constant.

|. INTRODUCTION

HE ternary chalcogenide materials have enjoyed much

attention and plenty of prospects in the field of material
science due to its promising physical properties [1], [2].
Bornite (CusFeS,4) is a common and widespread copper sulfide
mineral that has been well known for many years due to
its fascinating electrical and magnetic properties [3], [4].
The current conduction mechanism of Schottky barrier diodes
(SBDs) is dependent on various parameters, such as the device
temperature, process of surface preparation, inhomogeneities
of barrier height (BH) at metal semiconductor (MS) interface,
the series resistance of the device, and applied bias voltage [5],
[6]. Many researchers have paid their attention to study the cur-
rent transport properties through the SBD at room temperature,
but the information about the conduction process or the nature
of barrier formation at the MS interface could not be described
with room temperature /—V analysis [7], [8]. Therefore, it is
crucial to study the temperature-dependent analysis of SBDs,
which allows us to realize the different views of conduction
mechanisms and barrier formation at MS interface [9], [10].
In this article, the forward bias /—V measurements have been
carried out in the temperature range 303—408 K on Al/CusFeSy
SBDs. On the other hand, to the best of our knowledge,
the temperature-dependent analysis of Al/CusFeS; SBD has
not yet been reported. The unusual behavior of the temperature
dependence SBD parameters, such as BH, ideality factor,
Richardson’s constant, and series resistance, is evaluated on
the assumption of a Gaussian distribution (GD) of BHs.

Il. EXPERIMENTAL SECTION
A. Materials and Synthesis

All the analytical reagent (AR) grade reagents are purchased
from Sigma—Aldrich. All reagents are used as it is procured.
CusFeS,s (Bornite) is prepared by the hydrothermal synthesis
technique. The synthesis procedure is reported in the previous
work [2].
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ABSTRACT

A new pyridinium-carboxylate salt (1) has been synthesized and characterized by elemental analysis,
spectroscopy, electrical studies, and single-crystal X-ray diffraction. X-ray structure of 4,4’-oxybis(benzoic
acid) with 4-(Dimethylamino)pyridine is stabilized through hydrogen bonds, C-H---7r, and numerous -
interactions together with -..7t, -7+, and 7*...;w *stacking. The cooperativity of the weak noncovalent
interactions has been explored well that plays a crucial role in building diverse extended supramolec-
ular frameworks. The hydrogen bonds dictate the basic structural motifs representing the supramolec-
ular association. However, the cooperativity of the weak noncovalent contacts plays a significant role
in constructing the final solid-state structure. The entire assembly produces a rare combination of
|-t n*-wt[r*...w extended network. The binding energies of the noncovalent interactions have
anticipated the usage of DFT calculations. Intricate combinations of these noncovalent interactions are
characterized through computational studies by using Bader’s theory of “Atoms-in-Molecules” (AIM) and
“noncovalent interaction” (NCI) plot index. The evaluation of topological parameters at (3, -1) BCPs en-
sured the ‘closed-shell’ nature of the intermolecular interactions. By employing Tauc’s plot, the optical
band gap was calculated from UV-Vis spectroscopy. A device was fabricated for the analysis of I-V char-
acteristics of the compound. An impedance study was carried out and consequently, Nyquist plot was

represented for the further investigation of the semiconducting behavior of the compound.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Development in crystal engineering is based on the Cambridge
Structural Database which is used to interpret, analyze, and de-
sign a crystal involving non-covalent interactions [1]. In crystals,
there is the sum of a series of molecular recognition called self-
assembly built upon the various types of weak non-covalent inter-
actions through several forces between functional solids [1-4]. Ini-
tially, supramolecular chemistry was defined as the non-covalent
interaction between hosts and guests [2,3]. The rapid expansion in
supramolecular chemistry over the past 20 years encompasses that
it is not only a host-guest system but also the idea behind it can
be used in making of molecular devices and machines, molecular
recognition, so-called ‘self-process’ such as self-assembly and self-
organization [4-8].

The use of reversible interactions between ions and aromatic
rings as a leading force for self-assembly or ion binding continues

* Corresponding author.
E-mail addresses: dasprantika2013@gmail.com (P. Das),
samiulislam361@gmail.com (S. Islam), dhananjoydas404@gmail.com (D. Das),
parthapray@yahoo.com (P.P. Ray), saikatk.seth@jadavpuruniversity.in (S.K. Seth).
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0022-2860/© 2023 Elsevier B.V. All rights reserved.

to be an active area of research [8,9]. Noncovalent interactions are
the object of interest due to their impeccable contribution in form-
ing supramolecular architectures in organic solids [10,11]. Hydro-
gen bonds are leading among weak noncovalent interactions and
are widely used in processing molecular recognition in crystalline
materials [10-12]. On the other hand, the character of the aromatic
systems whose electronic structure is determined by the composi-
tion of carbon atoms in their sp? hybridization mainly makes the
interaction of aromatic rings (7-ring) unique [11,12]. Incorporat-
ing this m-ring, there is various kind of weak interactions such
as C-H...r, m-stacking, cation.--7r, anion.--7r, and lone pair---7 in-
teractions which are taken into consideration in building different
types of supramolecular architectures [13,14]. The dispersive na-
ture of .- stacking interaction takes part in a significant role
in crystal engineering and molecular recognition. However, 7 *---7r
and sr*...rtinteractions are more robust than usual .- interac-
tions as formers are more favorable in magnitude and different in
directionality [14,15]. Moreover, the molecular entity of 7w systems
having w* or 7~ moieties is a fascinating subject in the study of
stacking interaction. The interaction is more indulgent when two
types of species, w-electron rich and m-electron deficient, come
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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.
PM;:;ZI;;:::““OI' interface 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 cm? V~1s71, 72.35 s 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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Schottky Barrier Diode

Two new complexes [Ni(C7H3N05) (C15H11N3)]. 4(H20) 1) and [CU(C7H3N05) (C15H11N3)]. 4(H20) 2) have
been synthesized using mixed chelating ligands [4-hydroxypyridine-2,6-dicarboxylic acid (chelidamic acid)
(C7HsNOs) and 2,2":6',2"-terpyridine (C15H11N3)] in aqueous medium. The two complexes were characterized by
UV-visible, IR spectroscopy as well as by single-crystal X-ray diffraction analysis. The geometries of both the
complexes are distorted octahedral with N4O, chromophore. The non-covalent interactions found in the solid
state architectures of complexes 1 and 2 have been described focusing on neeern stacking and hydrogen bonding
interactions. These non-covalent interactions played an imperative role in building of multi-dimensional su-
pramolecular architectures. These interactions have been explored theoretically by density functional theory
(DFT) focusing on the antiparallel n-n stacking in self-assembled dimers and the hydrogen bonding networks
mediated by the lattice water molecules. MEP surface calculations combined with QTAIM and NCI plot analysis
were used to rationalize and characterize the non covalent interactions involved in the assemblies. The low
optical band gaps of the two complexes exhibit semiconducting property leading to potentially fabricate Schottky
Barrier Diode.

topological structures has to be designed. Recently, synthetic routes for
preparation of complex compounds with mixed ligands having polar

1. Introduction

Crystal engineering is the domain of science that includes the role of
intermolecular interaction for building up molecular architectures
[1-4]. Crystal formation, growth and stability depend on various non
covalent interactions like H-bonds, halogen bonds, cationeeer,
anioneeer, Teeen stacking, lone paireeen, C-Heeen interactions, etc. of
relatively weaker strength [5-11]. Among them, meeen stacking and
hydrogen bonding interactions are two main pillars under non covalent
category and so arrest interest of researchers for their decisive role in the
building of the crystal packing [12,13]. Thus, a sound understanding of
the aforesaid weak non-covalent interactions is needed for using them as
motifs in making new strategy for synthesis. First of all, a successful
route for the synthesis of unique complex compounds with attractive

* Corresponding authors.

functional groups (N- and O-donor centres) have been explored where
interesting topological structures are shown [14]. Ligands with ONO
donor chromophore have found immense interest in the field of crystal
engineering [15-17]. The self-assemble process of coordination com-
pounds generally depends on various factors like coordination geometry
(octahedral, tetrahedral or square planar) of the central metal, nature of
organic chelating ligand, polarity of solvent, pH of reaction medium,
temperature, concentration of reactants during reaction, ratio of re-
actants, reaction time, and so on [4,18].

2,2":6/,2"-Terpyridine plays a crucial role in metallo-supramolecular
chemistry not only for their n stacking ability among aromatic rings
but also for excellent chelating ability with various metal ions [19-24].
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