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ABSTRACT

This study aimed to improve the optical properties of reduced graphene oxide- and carbon
nanotubes-coated tellurite glass doped with erbium oxide nanoparticles denoted as
ZBTEr(NPs)-rGO and ZBTEr(NPs)-CNTs. Two sets of glass series were synthesized by
melt-quenched technique with chemical composition of (0.47(1-y))TeOx+(0.2(1-
y))B203+(0.29(1-y))+ZnO+Er03(y) wherein, y = 0.005, 0.01, 0.02, 0.03, 0.04, and 0.05
mol% Er>O3 nanoparticles. Tellurite-based glass was deposited with rGO and CNTs onto
the glass surfaces by spray-coated technique. The physical, morphological, structural, and
optical properties of ZBTEr(NPs)-rGO and ZBTEr(NPS)-CNTs glasses were characterized
via densimeter, scanning electron microscopy (SEM), energy dispersive X-ray (EDX),
transmission electron microscopy (TEM), X-ray diffraction (XRD), Fourier transform-
infrared  (FT-IR), micro-Raman  spectroscopy, ultraviolet-visible (UV-Vis)
spectrophotometer, and photoluminescence. SEM micrographs revealed morphological
structures of rGO and CNTs on the glass surfaces meanwhile, EDX spectra disclosed
elemental composition of rGO and CNTs. TEM images proved existence of Er(NPs) with
average size (~23.53 nm) in glass matrix. XRD pattern verified amorphous nature of
glasses. FT-IR spectra evaluated the presence of non-bridging oxygens (NBOs) with TeOs,
TeOs, and BOs functional groups meanwhile, Raman spectra demonstrated good quality of
rGO and CNTs. The refractive index value was increased (2.402-2.775) for ZBTEr(NPs)-
rGO meanwhile, (2.432-2.542) for ZBTEr(NPs)-CNTs. The optical bandgap energy value
was improved (1.913-2.931 eV) for ZBTEr(NPs)-rGO and (2.513-2.875 eV) ZBTEr(NPs)-
CNTs meanwhile, non-linear trend of Urbach energy (0.118-0.408 e¢V) for ZBTEr(NPs)-
rGO and (0.158-0.375 eV) for ZBTEr(NPs)-CNTs. Judd-Ofelt’s intensity parameters
showed Q>>Q6>Q4 trend for ZBTEr(NPs)-rGO whilst, Q,>Q4>Q¢ trend for ZBTEr(NPs)-
CNTs. Radiative parameters and branching ratio proved 2Hi12—"I15/2 transition showed
highest radiative transition value, resulting in a strong green emission. Luminescence
spectra exhibited two emission peaks assigned to *Hi12—*1152 and *S3,—*1;s,2 transitions.
In conclusion, the rGO and CNTs deposition enhanced the optical properties of glass
materials. Implication of this study offers a new milestone in the glass coatings field for
improving current fiber optics.
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STRUKTUR, PARAMETER KEAMATAN, DAN ANALISIS
PENDARCAHAYAAN BAGI KACA TELLURIT DISALUT
rGO/CNTs TERDOP DENGAN NANOZARAH ERBIUM

ABSTRAK

Kajian ini bertujuan untuk meningkatkan sifat optik kaca tellurit disalut grafin oksida
terkurang (rGO)/nanotiub karbon (CNTs) terdop dengan nanozarah erbium oksida
(ZBTEr(NPs)-rGO/-CNTs). Dua set siri kaca berasaskan tellurit telah disintesis dengan
teknik lebur lindap konvensional berdasarkan komposisi kimia (0.47(1-y))TeO>+(0.2(1-
y))B203+(0.29(1-y))+ZnO+Er05(y) 1aitu, y = 0.005, 0.01, 0.02, 0.03, 0.04, and 0.05 mol%
nanozarah Er;Os;. Kaca berasaskan tellurit telah disalut dengan rGO dan CNTs atas
permukaan kaca dengan teknik salutan semburan. Sifat fizikal, morfologi, struktur, dan
optik bagi kaca ZBTEr(NPs)-rGO/-CNTs dicirikan dengan menggunakan densimeter,
mikroskop pengimbasan elektron (SEM), penyebaran tenaga sinar-X (EDX), mikroskop
penghantaran elektron (TEM), pembelauan sinar-X (XRD), transformasi Fourier
inframerah (FT-IR), spektroskopi mikro-Raman, spektrofotometer cahaya nampak
ultralembayung (UV-Vis), dan kefotopendarcahayaan. Mikrograf SEM mendedahkan
struktur morfologi rGO dan CNTs pada permukaan kaca manakala, spektrum EDX
mendedahkan komposisi unsur rGO dan CNTs. Imej TEM membuktikan kewujudan
Er(NPs) dengan saiz purata (~23.53 nm) dalam matriks kaca. Corak XRD megesahkan
sifat amorfus bagi kaca. Spektrum FT-IR mengesahkan kehadiran oksigen bukan penitian
(NBO) dengan kumpulan berfungsi TeOs, TeOs;, dan BO3 manakala, spektrum Raman
menunjukkan kualiti rGO dan CNTs yang baik. Nilai indeks biasan meningkat (2.402-
2.775) bagi ZBTEr (NPs)-rGO manakala, (2.432-2.542) bagi ZBTEr(NPs)-CNTs. Nilai
tenaga jurang jalur optik meningkat (1.913-2.931 eV) bagi ZBTEr(NPs)-rGO dan (2.513-
2.875 eV) bagi ZBTEr(NPs)-CNTs manakala, trend tidak linear tenaga Urbach (0.118-
0.408 eV) bagi ZBTEr (NPs)-rGO dan (0.158-0.375 eV) bagi ZBTEr(NPs)-CNTs.
Parameter keamatan Judd-Ofelt menunjukkan trend Q,>Qc>Q4 bagi ZBTEr(NPs)-rGO
manakala, trend Q,>Q4>Qs bagi ZBTEr(NPs)-CNTs. Parameter sinaran dan nisbah
percabangan membuktikan peralihan ?Hi12—*1152 mempunyai nilai peralihan sinaran
tertinggi yang menghasilkan pancaran hijau yang kuat. Spektrum pendarcahayaan
menunjukkan dua puncak pancaran yang diberikan kepada peralihan *Hj12—*1152 dan
4S3,—*15. Kesimpulannya, salutan rGO/CNTs meningkatkan sifat optik bahan kaca.
Implikasi kajian ini adalah menawarkan pencapaian yang baru dalam bidang salutan kaca
untuk penambahbaikan gentian optik semasa.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

This chapter outlines a brief introduction on the research studies and background. The
objectives, research problems, scopes, limitations, and significance of the research work
are presented in this chapter. The last part of this chapter elucidates the summary of the

thesis.



1.2 Research Background

The discovery of a breakthrough in glass-making was initiated in 5000 BC during the
Mesopotamia era when they found a natural glass known as “fulgurites” that has been
formed from the strike of lightning. The early efforts of glassmaking were inspired from
the Egyptian era when glass production was initially invented from a substantial amount
of sand-based silica. Then, it was followed by the evolution of glass manufacturing during
the Roman Empire via the glass blowing technique and has been extended to the production
of stained-glass windows. The commercial products from glasses in this era were mainly

covered the ornaments and small containers for cosmetics.

In the early 1900s, glass development and production began to increase rapidly
since the invention of machinery and thereafter the revolution of glass production was
initiated by Sir Alastair Pilkington. In addition, the innovation of glass manufacturing is
undoubtedly one of the most extensively high-demanding due to the continuous research
in the field of glass science and technology. Consequently, the widespread use and broad
commercialization in glass applications were utilized in optical lenses, light-emitting
devices, optical fiber amplifiers, optoelectronics, solid-state high-power lasers for
telecommunications, and many other fields. The rare-earth ions (REIs) doped glasses
recently have been a great interest in the field of photonic materials in terms of
multifunctional applications particularly, for upconversion luminescence temperature

SEnsors.



Commonly, glass belongs to solid materials which can be classified into crystalline
and amorphous solids. In Greek, the term glass can be defined as an amorphous or
“shapeless” or non-crystalline solid material from a fusion process. Moreover, glass can be
formed from silica sand, soda ash, limestone, dolomite, lead oxide, and borate oxide. The
amorphous glasses possess a short-range periodic arrangement and does not consist of a
well-shaped or geometrical shape in contrast with the crystalline solids. Typically, glass
materials have several essential properties, such as high transparency, excellent refractive
index, high hardness, rust resistance, and low manufacturing costs. In addition, glass can
be easily customized to different shapes or sizes and altered its properties especially to
produce high-quality optical glasses (Al-Hadeethi et al., 2019; Gupta et al., 2020; Sayyed

et al., 2020).

Glass system is occupied by a continuous random network due to the disappearance
of any crystalline structure meanwhile, the amorphous silica consists of two tetrahedral
that shows the relation between the Si-O and O-O atoms and bridging oxygen existing
between the two tetrahedral, as presented in Figure 1.1. The network structure showed the

short-range order which is compatible with the absence of long-range order.



(a) (b)
/

Bridging oxygen

0.262 nm
0.162 nm

Figure 1.1. Basic atomic structure of an amorphous silica (a) Schematic representation of
two tetrahedra displaying nominal distance between neighboring Si-O and O-O atoms, and
a bridging oxygen (BO) between two tetrahedra and (b) Subsection of an amorphous silica
simulation which shows the random arrangement of silica tetrahedral unit (Lunt et al.,
2018)

The formation of glass usually occurs by a rapid cooling when the molten
continuously hardens into the solid state without the crystallization of materials. According
to the studies on glass formation by Zachariasen, natural glass can be formed based on the

following rules as outlined below (Zachariasen, 1932):

1. No oxygen atom may be linked to more than two cations
2. Cation coordination number is small either 3 or 4
3. Oxygen polyhedral share corners, not edges, or faces

4, For 3D networks, at least three corners must be shared



The constituents of glass can be comprised to three components which are glass
former, glass intermediate, and glass modifier. The glass former forms a highly cross-
linked network of chemical bonds and possesses high electronegativity which can produce
good glass-forming. Commonly, silicon oxide has been used as a network-forming in glass
network rather than the other oxides such as germanium and boron oxides. Meanwhile, the
glass modifier can be added in the glass network as it may alter the glass properties and
break up all the bonds in the glass structure which attributes to the formation of non-

bridging oxygen (NBO) atoms in the glassy matrix.

Additionally, the glass modifier can only participate in glass network modification
which form highly ionic bonds with oxygen and reducing network connectivity. The glass
intermediate usually possesses the intermediate electronegativity value between the glass
former and the glass modifier. Due to that, the glass intermediate is not able to form the
glass network by itself however, can be formed when the glass intermediate is mixed with
another glass former. This behavior depends on the single bond strength value. Moreover,
a high single bond strength value may potentially improve the glass formation (Dimitrov

& Komatsu, 2013).

The extensive research on silicate glasses is significantly received good attentions
when trivalent rare-earth ions is introduced in silicate glass network which gives excellent
fluorescence efficiency in photoluminescence properties (Wang et al., 2020). The use of
borate glasses are demanding due to high chemical durability and thermal shock resistance

which usually has been added to silicate glasses (Bengisu, 2015). In addition, recent studies



suggested that germanate glasses possess low-phonon energy, and strong chemical and
mechanical stability which is useful for optical fiber drawing (Pisarski et al., 2020).
Meanwhile, the phosphate glasses captured an interest among the researchers due to their
intense green light emission which is suitable to be used as optical fiber amplifiers
(Taherunnisa et al., 2019). Fortunately, the tellurite-based glasses are non-crystalline solids
that shows many advantages which have been extensively studied for their numerous

optical, photonics, and laser applications (Azlan et al., 2019; Umar et al., 2017).

In comparison with these glasses, tellurite-based glass provides superior properties
such as low melting point, high refractive index, high dielectric constant, and excellent
infrared transmission (Pepe et al., 2019; Usman et al., 2018; Yuliantini et al., 2019;
Zaitizila et al., 2018). Furthermore, tellurite glasses possess good chemical durability,
excellent mechanical strength, and allow a wide spectral in the range of 3-18 um which

attribute to the high possibility of fabricating stable glass (Gomes et al., 2017).

Tellurium oxide, TeO> and zinc oxide, ZnO can be a good combination and
excellent compatibility to form stable glasses. Thus, these glasses have been widely
explored for potential applications in optical fiber. The inclusion of ZnO in tellurite-based
glasses may provide superior mechanical properties, low ability to crystallize, low optical
bandgap energy, as well as high refractive index than other oxide materials (Faznny et al.,
2016). Additionally, the addition of borate oxide, B2Os in tellurite-based glass matrix had
been developed that might potentially enhance the glass transparency, possess good

stability, and rare-earth ion solubility.



Rare-earth ions (REIs) doped glasses have grabbed attention due to their
outstanding characteristics to improve the optical properties. In this research, the lanthanide
oxide nanoparticles have been selected to be doped in the glass system to achieve higher
optical performance and specifically, obtain a good impact on the fiber optics technology.
Moreover, erbium, Er** nanoparticles are often chosen among researchers which act as the
most remarkable candidate in the development of broadband erbium-doped fiber amplifier
(EDFA) due to its emission of about 1.53 um and thus, suitable to be used as a lasing glass

material.

The technology of carbon-based nanomaterials (CBNs) is growing rapidly in recent
years. CBNs have extraordinary characteristics and multifunctionality which importance
in many applications such as optoelectronics, biomedical, and photonics devices. Owing
to such characteristics, the CBNs sparked immense interest among the researchers for
upcoming applications in optical sensors (Li et al., 2019), ultrafast lasers (Ma et al., 2019),
and optoelectronic devices (Wang et al., 2019). Hence, due to these properties, the CBNs

have high potential to enhance the optical properties of the glass materials.

Considerable research studies on glass coatings have been continuously
investigated by utilizing the CBNs as coating materials on the glass surfaces. Notably, the
fiber optics are usually made from glass materials. The deposition of graphene oxide (GO)
and carbon nanotubes (CNTs) on glass materials may give insights the effect of these
materials on optical fiber. Based on the current studies, the optical fiber can be coated with

graphene oxide via simple and low-cost technique. The previous research on optical fiber



coated with GO shows outstanding optical properties and can be applied for
multifunctional fiber devices, highly sensitive sensors, and flexible optical electronics
(Fang, Xiong, Hao, Zhang, & Wang, 2019; Ishtiaq et al., 2022). The studies of CBNs
coated-glass fibers are still on-going and may contribute to wide optical applications such
as light-weight electromagnetic shielding, optical sensors, and optoelectronics device

performances.

1.3 Research Problems

The applications of glass materials especially in fiber optics were initiated many years ago.
Cao et al., (2016) investigated the spectroscopic properties of rare-earth ions (REIs)
namely, Er**/ Ho*' co-doped silicate glasses, which is useful in improving the Ho*" 2.0 pm
fiber laser performance and mid-infrared laser materials. Taking over the advantages of
silicate glasses, they have achieved an excellent transmittance, which acts as a key to fast
communications. The silicate glasses was significantly used in the production of highly
non-linear fibers, high-concentration rare-earth ions doped fibers, ultrafast lasers, and

optical fiber communications (Liang et al., 2021).

Nevertheless, the problems encountered with these glasses are due to the relatively
high loss and high melting temperature of around 2100 °C, as proposed in the previous
study (Kasik et al., 2020). In addition, the low optical loss of glass materials is aimed

especially for mid-IR applications. Therefore, these limitations need to be overcome and



progressive research work is still required to find a suitable glass material with lower

melting point and low transmission loss.

Over the years, tellurite-based glasses have been extensively introduced due to their
unique advantages over silicate glasses, as reported in previous studies (Azlan et al., 2019).
Shen, et al. (2020) proposed that tellurite glass fiber possesses an efficient low-loss and
outstanding candidate for mid-infrared laser emission applications. Subsequently, the
tellurite glass has good solubility with rare-earth ions (REIs). Furthermore, the tellurite
glasses are well-known as the most stable glass former than the other types of glass, such

as germanate, borate, phosphate, and silicate glasses.

In addition, the lanthanide oxide nanoparticles such as erbium nanoparticles can be
used as a dopant to improve the optical properties of tellurite-based glass system which is
beneficial to be applied in photonic devices. Despite extensive studies on tellurite glasses
doped with erbium ions, the optical properties of tellurite glasses are still limited. Tellurite

glass with refractive index (>2.0) is aimed to meet the criteria for optical fiber.

Therefore, the research on glass coatings can be adopted to overcome these
limitations. The deposition of carbon-based nanomaterials (CBNs) on glass surfaces is
expected to achieve excellent optical properties. The investigation of reduced graphene
oxide (rGO) and carbon nanotubes (CNTs) coated on glass surfaces is still limited in
number. Therefore, rGO and CNTs deposited on the tellurite-based glass surfaces via a

simple spray coating technique can be a first step to achieve high functionality of optical
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fiber. Hence, the outcome of this research is believed to contribute to the new glass
technology especially, in the application of fiber optics. In summary, the research problems

proposed in the present study are summarized in Table 1.1.

Table 1.1

Summary of the research problems and research solutions that relate to this study

Research problems

Research solutions

The commercial fiber optics used
silicate glasses as a key to fast
communication however, the problems
encountered with these glasses are due
to the high loss and high melting
temperature of around 2100 °C (Kasik

et al., 2020)

Tellurite-based glasses has been
introduced to reduce high loss and
melting temperature; and possess
high-solubility of rare-earth (RE)

ions

The extensive studies on tellurite-
based glasses doped with erbium, Er**
ions nevertheless, these glasses are still
lacking to achieve a significant

refractive  index  value (>2.0)

especially, for fiber optics application

Novel research on glass coatings can
be adopted to enhance the optical
overcome  the

efficiency and

limitations of current glass materials

(Continue)
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Table 1.1 (Continue)

Research problems Research solutions

A recent study proposed the GO e The rGO and CNTs can be

coating prominently improves the deposited on the tellurite-based
optical properties by balancing the glass surfaces via a simple spray
oxygen functional (Wang et al., 2020) coating technique to compare the
however, the investigation of rGO and optical properties of the glass
CNTs towards glass coatings has not materials

been reported yet

1.4

Research Objectives

The objectives of this work are outlined as follows:

1.

1.

To synthesize the two-glass series by using melt-quenched and spray coating
techniques with composition of {(0.47(1-y)) TeO2 + (0.2 (1-y)) B203 + (0.29 (1-y))
Zn0O + (y) Er203 (nanoparticles)} -rGO/-CNTs (coated), (y = 0.005, 0.01, 0.02,

0.03, 0.04, and 0.05 mol%) denoted as ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs.

To investigate the surface morphology, particle size, and bonding parameters of
ZBTEr (NPs)-tGO and ZBTEr (NPs)-CNTs glasses by using FESEM, FT-IR,

TEM, XRD, Raman, and EDX spectroscopy.
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iii.  To determine the absorption spectra, refractive index, optical bandgap energy, and
Urbach energy of ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses by using UV-

Vis spectroscopy.

iv.  To analyze the intensity parameters, emission lifetime, and luminescence properties
of ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses by using Judd-Ofelt theory

and luminescence spectroscopy.

1.5 Scope and Limitations of Study

This study attempts to identify the structural and optical properties of erbium nanoparticles
doped tellurite-based glasses coated with reduced graphene oxide (rGO) and carbon
nanotubes (CNTs). The two sets of glass series with chemical composition of {(0.47(1-
y)TeOz + (0.2(1-y))B203 + (0.29(1-y))ZnO + (y)Er20s (nanoparticles)} -rGO/-CNTs
(coated) were prepared via conventional melt-quenching technique. Subsequently, the rGO
and CNTs were deposited on the tellurite-based glasses surface using a simple and low-cost

spray coating technique.

The physical properties of the prepared glasses including, density, molar volume,
rare-earth inter-ionic distance, polaron radius, field strength, and oxygen packing density
(OPD) were calculated by Archimedes’ principle. Then, several analysis methods were

carried out for glass characterizations such as Field Emission Scanning Electron
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Microscopy (FESEM), High-Resolution Transmission Electron Microscopy (HR-TEM),
X-ray Diffraction (XRD), Fourier Transform Infrared Spectrometer (FT-IR), micro-Raman,
and X-ray Energy Dispersive X-ray (EDX) spectroscopy to investigate the structural and
morphological properties of the glasses. The FESEM analysis was conducted to confirm
the existence of rGO and CNTs morphology on the glass surfaces meanwhile, the elemental
compositions that exists in rGO and CNTs were evaluated by using EDX analysis. HR-
TEM analysis was performed to determine the particles’ size of erbium oxide in the
amorphous matrix system. Next, XRD was analyzed to confirm amorphous nature of the
tellurite-based glasses. FT-IR analysis was used to determine the structural bonding,
functional groups, stretching vibrational modes, and the presence of non-bridging oxygens
(NBOs). Lastly, the micro-Raman analysis was utilized to determine the characteristics

vibrational modes of GO, rGO, and CNTs that attached on the glass surfaces.

Meanwhile, the study on optical properties of ZBTEr (NPs)-rGO and ZBTEr (NPs)-
CNTs glasses were identified via Ultra-violet Visible (UV-Vis) spectrophotometer to
obtain the optical absorption spectra, optical bandgap energy, Urbach energy, refractive
index, reflection loss, transmission coefficient, dielectric constant, and electronegativity.
The theoretical analysis of optical parameters was performed by using Judd-Ofelt’s theory
to identify the intensity spectral parameters (€22, 4, Qo), oscillator strength (£, ), radiative
transition probabilities (4,,4), branching ratio (fg), as well as excited-state radiative
lifetime (t,). The investigation of luminescence spectra of of ZBTEr (NPs)-rGO and
ZBTEr (NPs)-CNTs glasses was studied by using photoluminescence spectroscopy to

analyze the emission and excitation state.
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Understanding the CBNs characteristics is important to determine the suitability of
CBNss as coating materials on glass surfaces. The association between the CBNs and glass
materials promotes a novel glass especially to be used in fiber optics. The current focus of

this study is to determine the optical properties of coated glasses.

1.6  Significance of Research

In this study, the characterization of glasses can be determined based on their physical,
structural, and optical properties. Moreover, these properties are essential for optical fiber
applications and optoelectronic devices. Hence, the main purpose of this work is to improve
the optical properties of the tellurite-based glass via coating the GO and CNTs on the glass
surfaces. The fabrication and spectroscopic studies of the ZBTEr (NPs)-rGO and ZBTEr
(NPs)-CNTs glasses may attribute to a novel approach to improve the optical properties of

the tellurite-based glass.

Taking advantage of CBNs in the glass technology development, rGO and CNTs
are potential candidates as the coating materials due to high demand in industry. In this
work, optical glasses can be significantly improved by using rGO and CNTs as the coating

materials.

To the best of our knowledge, this work will lead to excellent improvement,

especially for fiber optics technology. It has been known that broadband of the optical fiber
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transmits the optical data via infra-red spectrum at the “speed of light” about 3.0 x 10% m/s.
This research will upgrade the current fiber optics with “coated-fiber optics” which may
allow the optical data to transmit faster from one destination to another. Thus, the present
research was completely done to explore more understanding of the glass coatings whereby,
a clearer understanding of the effects of CBNs on the glass surfaces was employed.
Particularly, the interest in rGO and CNTs coating layer was absolutely exploited which is

closely associated with the attached oxygens functionalization on the glass surfaces.

1.7 Thesis Overview

This thesis consists of five chapters that describe the overall presentation of the present
study which comprises two glass series namely, erbium nanoparticles doped tellurite glass
coated with reduced graphene oxide (ZBTEr (NPs)-rGO) and erbium nanoparticles doped
tellurite glass coated with carbon nanotubes (ZBTEr (NPs)-CNTs). Therefore, the outlines

of the thesis in this study are described as follows:

Chapter 1 introduces the research purpose including the background of the study,
research problems, research objectives, scopes, limitations, and significance of the
research. The summarization of the thesis has been well described, with provided research

aims, respective analysis, and the main contribution in this work.
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Chapter 2 presents a discussion of the literature review, including tellurite-based
glass structure, the role of the dopant in the glass matrix, as well as the history of the
carbon-based materials (CBNs) with their properties and synthesis techniques.
Importantly, this chapter highlights the fundamental theory and calculation of the optical
properties, including optical bandgap, Urbach energy, refractive index, Judd-Ofelt’s

theoretical study, as well as other optical parameters.

The research methodology, procedures, and experimental techniques which
involved the glass fabrication, synthesis of rGO and CNTs, and the spray coating technique
are comprehensively presented in Chapter 3. Furthermore, the physical, structural, and
optical properties characterizations are briefly described, and this chapter summarizes the

research work in flowchart diagram.

Chapter 4 discusses the results of the physical, morphological, structural, and
optical properties of the ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses. Taking
advantage of the deposition of rGO and CNTs on the glass surfaces, this chapter presents
in-depth discussion on the effects and interaction between the coating materials and ZBTEr
(NPs) glasses. Theoretical optical parameters of the ZBTEr (NPs)-rGO and ZBTEr (NPs)-
CNTs glasses are carried out by using Judd-Ofelt’s analysis. In addition, the luminescence

analysis is analyzed to support the Judd-Ofelt’s analysis.

Finally, Chapter 5 summarizes the conclusion in this study and provides several

future works.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter presents a brief discussion on previous literatures of the glass system
including, the tellurite glass structure, the role of erbium nanoparticles, atomic properties,
and the synthesis process of carbon-based nanomaterials (CBNs) such as graphene oxide
(GO), reduced graphene oxide (rGO), and carbon nanotubes (CNTs). The optical properties
characterization consists of literatures on the absorption spectra including, optical bandgap
energy, Urbach energy, and Judd-Ofelt’s theoretical study. Meanwhile, the structural
properties cover the morphological analysis, structural arrangement, and network

formation.
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2.2 Tellurite-based Glass Structure

Tellurite-based glasses are fascinating material due to their outstanding properties as
compared to other oxide glasses such as silicate, borate, germanate, as well as phosphate.
Moreover, tellurite glass exhibits excellent chemical durability, chemical resistance, good
solubility of rare-earth ions (REIs), high electrical conductivity, high refractive index (2.0
—2.5), low melting points (733 °C), low cut-off phonon energy (~700 cm™), wide spectral
transparency range approximately (0.3 — 5.0 um), low vibrational frequencies (800 cm™),
wideband infrared transmittance, large dielectric constant, and good glass stability (Ding
et al., 2020; Effendy et al., 2021; Konstantinidis et al., 2021; Lalla et al., 2020; Machado et

al., 2019; Pepe et al., 2019; Zaitizila et al., 2018).

Tellurite-based glass is mainly composed of TeO4 trigonal bipyramid units (tbp)
and TeOs trigonal pyramid units (tp), as can be seen in Figure 2.1. For TeOs (tbp) units,
one equatorial site of the sp°d hybrid orbitals is occupied by a lone pair of electrons, and
the other two equatorial and axial sites are occupied by oxygen atoms. Meanwhile, for TeO3
(tp) units, one of the Te sp® hybrid orbitals is occupied by a lone pair of electrons (Lee et

al., 2008; Noguera et al., 2003).
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Figure 2.1. Tellurite-based glass structures found in the x = 0.20, x = 0.33, and x = 0.50
sodium tellurite crystals. Noticed that each structural unit is identified in term of Q;,
whereby m = 3, 4 and shows the total number of oxygens bonded to the tellurium atom, and
n = 0—4 is denoted as the number of bridging oxygen (BO) bonded to the tellurium atom
(Mclaughlin et al., 2000)

In an effort to form stable oxide glasses, Stanworth, (1952) proposed that the
tellurite glasses possess the physical properties value including, a cation radius of Te** (0.84
A) whereby, the partial refractivity of tellurium oxide, TeO- is high and thus, resulting in a
higher refractive index comparable to other glasses. In particular, the combination of three
components such as TeO,, PbO, and BaO showed an improvement in expansion
coefficients, deformation of temperature, and densities than usual oxide glasses. This

improvement is attributable to a higher refractive index which become an interest in optical

fibers.
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The research on tellurite glasses as a key role might be potentially applied for
producing the tunable yellow to orange-reddish phosphor based on the applications in light
emitting diodes (LEDs) technology (Alvarez-Ramos et al.,, 2018). Along with the
advantages of commercial diode that have been produced, tellurite glasses normally possess
low energy consumption, good longevity, and reduction in its size. Therefore, the use of

tellurite glass in diodes is significant for saving the energy and environmental-friendly.

Boron oxide is one of the well-known modifier candidates for the glass forming
materials and the most appropriate for a new design of optical devices due to good rare-
earth solubility, high melting point, good thermal stability, high-quality transparency, and
the most cost-effective properties compared to other glasses (Munisudhakar et al., 2019).
The addition of boron oxide into the tellurite glass system may attribute for enhancing the

good stability and performance of the glass due to its excellent characteristics.

The interest in zinc oxide, ZnO has been progressively explored among researchers
and can be considered as stable glass modifier in tellurite-based glass networks. It is known
that the inclusion of ZnO in glass can create low rates of crystallization and enhance the
glassmaking ability (Pavani et al., 2011). Besides, the addition of ZnO might significantly
modify the coordination of tellurium oxide from TeOgs (trigonal bipyramidal) to TeOs+
polyhedron or (known as distorted TeO4) and TeOs (trigonal pyramid), as shown in Figure

2.2.
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TeO4 (tbp)  TeOs-+1 (distorted tbp) TeOs (tp)

Figure 2.2. Ball and stick representation of structural units existing in tellurite glass system.
(a) Trigonal bipyramid, TeOs, (b) Distorted trigonal bipyramid, TeOs+1, and (c) Trigonal
pyramid, TeOs; (Manning et al., 2012)

The previous research on the incorporation of ZnO can be demonstrated as the dual
properties occurred in the amorphous glass materials lattice network where ZnO can acts
as a modifier network during the lower concentration and as a host former on the higher
concentration (Bachvarova-nedelcheva et al., 2018). Moreover, it was proposed that the
open network created at lower content of ZnO and its connectivity can be beneficial to

tellurite lattice network.

Effendy et al., (2021) reported that the substitution of glass modifiers such as alkali
earth oxide into the base glass network former may result in a rearrangement of the internal
glass structure which leads to the creation of NBOs and thereby, improves the optical

properties of glass materials. Furthermore, the research on ZnO and tellurite-based glass
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network has been appropriated for investigation of the good features of optical properties
(Nazrin et al., 2018). Hence, many studies have been reported for different kinds of optical
applications such as optical fibers, optical sensors, optical switching mechanical devices,
and optical laser glasses (Alalawi et al., 2020; El-Mallawany et al., 2021; Elkhoshkhany et

al., 2019; Hussein et al., 2022).

2.3 Erbium Nanoparticles Rare-earth Ions (REIs) Doped Glass System

Erbium oxide belongs to the rare-earth materials classified into the lanthanides group
whereby, the element comprises the 5s and 5p outermost electrons. Generally, the majority
of lanthanides, Ln*" are paramagnetic and exhibit a strong magnetic field and optical
properties due to the unpaired electrons existing in the f-orbitals (Kurzen et al., 2013). The
inclusion of Er** jons be considered as the ability for the generation in the laser technology
due to much extensive research that has been accomplished to fabricate a new optical laser

amplifier device.

In particular, the nanoparticles are known to possess a unique quantum nature
efficiency which can improve the properties of the glass materials (Azlan & Halimah,
2018). Another important factor is that the incorporation of nanoparticles into the glass
matrix-assisted the localized surface plasmon resonance (LSPR) with the presence of REIs
and subsequently, the localized field attributes to the alteration of the optical characteristics

in the amorphous glass matrix (Yusof, Ghoshal, & Azlan, 2017). Nazhirah et al., (2021)



23

investigated the effects of bimetallic nanoparticles for self-cleaning in the tellurite glass
system which was supported to provide significant results on the physical, structural,

thermal, and mechanical properties.

Erbium-doped fiber (EDF) is a powerful candidate as the potential medium which
emerged the desirable properties including, a large gain bandwidth and EDF may provide
the optical amplification signals in the range of wavelength at 1.53 um without having any
special effects involved in the gain contraction (Al-azzawi et al., 2019; Taherunnisa et al.,

2019).

Differently from the other rare-earth oxide, erbium requires a significant interest
among the researchers because of its interesting materials as it can attribute to the favorable
emissions at blue, green, and red colors of about 1.5 pm, which possess applications in the
technology of telecommunication optics. The inclusion of nanoparticles is strongly required
to extend the research on nanoparticles doped glass to obtain excellent properties in
photonic devices and give the potential performance on laser glass (Azlan, Halimah,

Suriani, Azlina, Umar, et al., 2019).

The advancement of broadband in optical systems correlates with the high capacity
existing in broad transmission and optical amplifiers which rapidly increasing in a variety
of wavelengths of telecommunication dimensions. In addition, Sadik et al., (2020)
developed an interest in up-conversion luminescence in erbium ions especially for

expanding the erbium-doped fiber amplifier (EDFA). The integration of REIs into several
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kinds of host glasses elucidated the impressive new performance for waveguide device

applications.

Similarly, Yuan et al., (2021) fabricated the Yb**/ Er** co-doped tungsten tellurite
glasses to form broadband near-infrared optical fiber amplifiers and tunable fiber lasers for
the optical telecommunication window. The association of dopants material into host
glasses whereby, a strong 1.5 um emission with full width at a high maximum (FWHM) of
64 nm, attributed to a highly efficient resonance energy transfer process from Yb**: ?Fs) to
Er*": 2I112 energy state level. Consequently, these results demonstrated a long lifetime of
Er*": ‘i3 energy level (3.96 ms), strong emission cross section (1.06 x 102’ cm?), and gain
coefficient (4.07 cm) which is near 1.5 um and thus, attributing in the higher gain
bandwidth of 6.78 x 10726 cm?®. Therefore, it was believed that the optical properties can be

improved by taking the advantages of REIs.

The investigation of erbium ions doped glasses plays a vital role as it has the large
possibility to be applied in a wider band internet due to the non-uniform broadening for the
glass network system. Furthermore, the studies on EDFA may definitely attribute in a laser
system by correlating the Er** ions which possess *Ii32 — “Iis2 transition excited state at
the infrared region around 1550 nm wavelength and the green region around 550 nm which

possess *S32 — 15,2 transition (Halimah et al., 2019).
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2.4 Carbon-based Nanomaterials (CBNs)

Carbon-based nanomaterials (CBNs) have revealed a rich polymorphism of numerous
allotropes indicating each possible dimensionality including, fullerene molecule (0D),
nanotubes, graphene ribbons (1D), graphite platelets (2D), and nano-diamond (3D)
derivatives (Gaur et al., 2021; Ibrahim et al., 2021). The nanomaterials exhibit different
physical, chemical, thermal, and optical properties and hence, carbon nanostructures play

a vital role until the recent development in the field of nanoscience and nanotechnology.

Since the researchers Konstantin Novoselov and Andre Geim were successfully
awarded the Nobel Prize in 2010 (Novoselov et al., 2004), graphene (GE) has attained
much interest and attention among the frontier issues of scientific research in optics,
electronics, materials science, and biotechnology. By virtue of both exceptional linear and
nonlinear optical properties, GE has been considered a wondrous and extraordinary
material. The primary advantage of graphene is that it has high conductivity and shows
remarkable optical properties which attracted the researchers to the potential applications
of graphene such as light-emitting diodes, liquid crystal displays (LCD), and touchscreen
devices due to its excellent and outstanding features (Bonaccorso et al., 2010). Due to the
high transparency in the visible, graphene is envisioned to act in the form of transparent

conductive electrodes (Woo, 2019).
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2.4.1 Overview of Graphene

Graphene is an atomically-thin, two-dimensional (2D) nanomaterial sheet that acts as a
monolayer formed by sp* carbon atoms possessing a honeycomb lattice structure and has
attracted great interest among researchers which exhibits outstanding photonic and
optoelectronic properties (Smith et al., 2019; Wang et al., 2019). Despite the benefits of
using graphene in electronic devices, graphene is primarily possessed as a passive non-
emissive element due to its shortcoming dictated by the electronic band structures
(Naumov, 2017). Such graphene electronically is a zero-bandgap semiconductor in which

the electrons relax non-radiatively when excited to the higher energy state levels.

Furthermore, the graphene plane is an ideal bidimensional (2D) allotropic form of
carbon in which the atoms are periodically arranged in an infinite hexagonal network with
two atoms per unit cell (indicated by A and B), as shown in Figure 2.3. The atomic structure
is characterized by two types of bonds which demonstrates the planar sp? hybridization. In
addition, the symmetry of graphene and the presence of both A-B sublattices possess a
strong influence on the transport properties of the 2D system. Indeed, when the atoms are
positioned onto the graphene hexagonal lattice, the electronic wavefunctions from different
atoms overlap and thus, resulting in the electrons of m bonds in the graphene reacting

independently from the other valence electrons.
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Figure 2.3. Basic vectors in the hexagonal lattice of graphene with the corresponding
Brillouin zone (Dubois et al., 2009)

According to Dubois et al., (2009), the fundamental of the building block existing
in the carbon nanostructures relies on the theoretical concept of the graphene sheet.
Graphene undoubted can be referred to as a perfect infinite single layer with densely packed
into a benzene-ring structure. Indeed, graphene has been widely used to ascribe the
properties of various CBNs such as large fullerenes (graphene is cut into strips), carbon
nanotube (graphene sheets are rolled up into nanometer-sized cylinders), and graphite (a

large number of graphene sheets are stacked), as depicted in Figure 2.4.
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(@) (b) (c)

Figure 2.4. Graphitic forms of carbon family materials consist of (a) 0-D Buckyballs of
fullerene, (b) 1-D Roll of carbon nanotube, and (c) 3-D Stack of graphite (Geim &
Novoselov, 2007)

Additionally, graphene has many desirable characteristics including, sufficient
mechanical strength (Mohan et al., 2018), high electrical conductivity (Mun et al., 2017),
known as a perfect barrier ability (Bunch et al., 2008), and other astonishing properties.
For these reasons, graphene has been chosen as the goal of countless research efforts to
incorporate graphene into advanced coating applications, as has been proposed by previous

studies (Ba et al., 2020; Mao et al., 2021; Mu et al., 2021).

Nevertheless, the use of pristine graphene has been proved challenging due to its
limitation in the optical absorption characteristics caused by the strong van der Waals
interactions, poor solubility, and more agglomeration structures. These features contribute

to the gapless semiconductor or having zero-bandgap energy whereby, the valence and
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conduction bands physically contact each other at Dirac points that exists in the Brillouin
zone (Sahu & Rout, 2017). According to the Fermi level, Erwhich can be said as the change
neutrality point, the Fermi surface is defined by the set of K and K’ points which are
connected by the time-reversal symmetry. The graphene is therefore displaying a zero
bandgap which acts as a metallic character when the occupied and unoccupied bands cross
on each other at the Dirac points. However, in the other case, the term overlap or zero-gap

semiconductor is often used since the Fermi surface is reduced to a finite set of points.

Particularly, the n-band electronic dispersion for graphene near the six corners of
the 2D hexagonal Brillouin zone is found to be linear whereby, the electronic properties of
graphene can be described by an effective massless Dirac fermion model in the existing
charge neutrality point, which is linear dispersion and electron-hole symmetry. These
“Dirac cones” feature which containing the holes and electrons appear in the corners of the
2D Brillouin zone whereby, the points touch at the Fermi energy and thereby, the six points

on the Dirac cones are referred to as the Dirac points, as illustrated in Figure 2.5.
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Figure 2.5. The electronic bands of © and n* with respect to valence and the other of
conduction bands at the six corners in the Dirac cones which meet at the Dirac points and
indicate that zero-band gap of graphene (Dubois et al., 2009)

Furthermore, pure graphene is naturally semi-metal consisting of a zero-band gap,
and thus, graphene which possesses the oxygen functionalization groups can cause the
opening up of bandgap (Gupta et al., 2017). In particular, the lack of the zero-band gap
energy of graphene makes it difficult and remains challenging to achieve high performance
in some practical applications due to its optical properties which are limited by the weaker

optical absorption (Li et al., 2019).

On the other hand, a similar structure to graphene can be synthesized based on
graphite or any other carbon sources in an effort to achieve the desirable advantages of
pristine graphene while influencing the surface with the functionalized oxygen-containing
groups. As an alternative, graphene has been synthesized from graphite using a chemical

exfoliation method to produce graphene oxide (GO). This is attributed to the opening of
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bandgap energy of GO due to the pristine lattice of graphene which has been stimulated
via an oxidation process (Nourbakhsh et al., 2010). Moreover, limited particle size and
complexity in production usually hinder potential applications of graphene nanostructures
in larger-scale optoelectronics. Thus, more applicable graphene-based structures with a
specified set of optical properties could be compromised to overcome those limitations.
Specifically, the functionalized graphene which can be said as a common form of graphene

such as GO may appear to be more suitable for many applications.

Recently, a new class of graphene derivatives has emerged which take advantage
of graphene oxide (GO), reduced graphene oxide (rGO), and graphene quantum dots
(GQDs) whereby, these nanomaterials have proven to be effective in nanocomposite
materials due to their properties and dispersibility in the polymer matrices, which has

attributed to various applications (Cheng et al., 2017).

A typical application of graphene involves further high-performance flexible
supercapacitors which have been widely recognized as an active electrode material due to
the graphene possessing a highly-exposed surface area, high electrical conductivity, and
superior chemical stability characteristics (Purkait et al., 2018; Sahoo et al., 2022; Suriani
et al., 2017; Yang et al., 2019; Zhou et al., 2021). Similarly, Xiao et al., (2020) used
graphene-based nanoporous materials to investigate high-capacity ion electrosorption

electrodes for potential supercapacitors.
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2.4.2 Graphene Oxide and Atomic Structures

The major concern of the carbon-based nanomaterials (CBNs) such as graphene oxide
(GO) from the oxidation of graphite which mainly exhibits a large amount of oxygen-
containing functional groups which is considered to be beneficial for the glass materials
industry especially, for enhancing the optical characteristics of the glass network system
(Papadakis et al., 2020). Primarily, the functionalization by oxygen-containing groups
gives results in a gap between the valence and conduction bands in GO which in turn
transforms into a semiconductor, or even an insulator based on the degree of derivatization
(Afroozeh, 2021; Necolau & Pandele, 2020; Sharma et al., 2020; Wang et al., 2020).
Similarly, Tang et al., (2017) reported that the opening of optical bandgap existing in glass
materials may be caused by an abundant content of oxygen groups in the active layer of

GO sheets.

Taking advantage of GO over graphene in terms of the presence of oxygen-
containing functionality in GO edges, therefore GO itself has very interesting with
appreciable attention due to it can exhibit the absorption of oxygenated functionality
groups in the optical characteristics (Hasan et al., 2017). Such variability demonstrates that
the GO has a significant superiority since its structure can be tailored for a specific
optoelectronic application by using the additional functionalization through the oxidation
process (Sharma et al., 2019). Therefore, a simple and cost-effective production of GO
from graphite with the large size variability and adjustable electronics properties make GO

an attractive candidate for modern electronics devices (Hummers & Offeman, 1958).
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Unlike graphene, rich oxygenated containing functional groups in the basal plane
are consists of epoxy and hydroxyl bonds, whereas the carboxylic acid, carbonyl, and lactol
groups positioned at the edges of GO structures (Shin et al., 2017). The structures of GO
are composed mainly form carbons, which consist of sp?> graphitic basal plane that
covalently bond on a homogeneous (Pirouz et al., 2018). Furthermore, the interest in GO
development among researchers due to the ability of GO exhibit remarkable characteristics
including, the high electrical conductivity, high specific surface area, good thermal
properties, containing high mobility of charge carriers, and specific optical properties

which suitable to be applied in sensing applications (Augustine et al., 2017).

The synthesis of graphene and its derivatives can be attributed to the preferred
structure and properties which largely depend on the size, shape, and functional groups
connected on the surface of the material (Smith et al., 2019). The ideal structures are
composed of graphene nanosheets and few-layered graphene consisting of fully carbon
structure with minimum defects, respectively. In addition, GO, which was ultimately
manufactured into a single and few layers of graphene, which developed from oxygen, is

functionalized with epoxy and hydroxyl groups (Sundaram et al., 2010).

GO can be dispersible mainly in aqueous solutions with the presence of oxygen
functional groups in which carbon atoms are transformed from sp? to sp> hybrid in the GO
structure by oxidation of graphene sheets (Ikram et al., 2020). The modification of
functional groups in the existing graphene structures demonstrates a broad variety of

applications especially in the mechanical, thermal, optical, and electrical applications. In



34

fact, GO is defined as a highly oxidized form of graphene that simultaneously exhibits the
hydrophobic sp?- and sp*-bonded carbon and abundant hydrophilic hydroxyl, epoxide, and
carboxylic acid groups on the edge and defects of the nanosheets (Cheng et al., 2017). GO
is capable of n-m interactions with aromatic molecules with assisted hydrophilic groups and
abundant residual sp*>-bonded carbon on the GO basal plane (Akbari et al, 2019;

Mohammed et al., 2020; Tian et al., 2019).

Extensive research has been done to remove the oxygen-containing functional
groups of GO due to an effort to produce materials with properties as close to pristine
graphene. As a result, reduced graphene oxide (rGO) can be obtained by reducing GO
whereby, rGO exhibits more balanced physical and chemical properties regarding the
solvent dispersibility, surface chemical groups, and superior electrical, optical, mechanical,
and thermal performances (Azizighannad & Mitra, 2018; Tarcan et al., 2020). Apart from
that, the GO reduction includes the C/O ratio of the end of the product, selectivity in
removing the single type of oxygen group such as hydroxyl, carboxylic acid, and epoxy,
healing of the surface defects of GO based on the oxidation process, and choice of reducing
agents, as well as, improving the optical properties, mechanical strength, and dispersibility

of nanosheets (De Silva et al., 2017; Smith et al., 2019).

Meanwhile, graphene quantum dots (GQDs) and graphene oxide quantum dots
(GOQD) are defined as nanometer-sized single layer-fragments of graphene and GO which
are essentially produced through “cutting” of graphene or GO nanosheets and thus,

resulting in a size-dimension smaller than 20 nm in diameter which exclusively take
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advantage from the graphene effects (Afroozeh, 2021; Smith et al., 2019). The considerable
of graphene derivatives takes place when the desired structure and properties are extremely
dependent upon the size, shape, and functional groups attached to the surface of the
material. Due to these unique features, the different graphene-based nanomaterials involve
in the family of graphene derivatives including, single-layer graphene that consists of
single-atom-thin fully sp? hybridized carbon structure, a multi-layered structure of
graphene with a highly-favorable stacking of graphene sheets, a highly oxidized form of
GO with both sp? and sp® carbon containing abundant of oxygen groups, most of the
oxygen groups and sp® carbon are eliminated to generate graphene-“like” material, as well

as, both of GOQD and GQD, are illustrated as shown in Figure 2.6.

Chemically active edge

PN
(a) (b)

Single-layer graphene  Multi-layer graphene
(c) (d)

Graphene oxide (GO) Reduced graphene oxide (rGO)
() ¢y

GOQD GQD

Figure 2.6. Schematic representation of different graphene-based nanomaterials including,
(a) Single-layer graphene, (b) Multi-layer graphene sheets, (c) GO, (d) rGO, (e) GOQD,
and (f) GQD (Cheng et al., 2017)
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The understanding of lattice and electronic band structure of graphene, GO, and
rGO is crucial for identifying the transformation of GO to rGO which attributes to a
remarkable photoexcitation response. The atomic structure of GO consisted of the
graphene basal plane possessing the dispersed oxygen-containing functional groups
resulting in the sp® matrix which makes it an electronic insulator (Dideikin & Vul’, 2019).
Additionally, the ordered hexagonal lattice of graphene becomes disordered by oxygens
defects produced via the chemical oxidation method. The electronic properties of carbon
nanomaterials present a combination of sp? and sp® bonding which is primarily controlled
by m and w* states and thus, resulting in o-c* bandgap (Chien et al., 2012). By
characterizing these features, it is possible that the various disorder-induced localized states
may imply within the two-dimensional (2D) network of GO production. Accordingly, the
structural disorder-induced localized states should be present in the band tail of n and *
bandgap, demonstrating in the optical transitions which cause broad absorption or emission

bands (Chien et al., 2012; Smith et al., 2019).

By the reduction process to form deoxygenation, the structural modification is
attributed to the removal of oxygenous functional groups and recovery of the conjugations
between carbon atoms. Consequently, the carbon lattices from the initial distorted sp?
domains may generate the additional graphitic domains of sp? clusters. Due to these
characteristics, the reduction process leads to increased carrier mobility, higher absorption,
tunable bandgap energy whereby, the photoresponsivity may be controlled via controlling
the oxygen groups and defects. Subsequently, the lattice structure and variation of the

bandgap of graphene, GO, and rGO is presented in Figure 2.7 meanwhile, the development



timeline of graphene-based nanomaterials (GBNs) history is illustrated in Figure 2.8.
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(a) Lattice structure and energy band diagrams of graphene, GO, and rGO

Graphene

GO

rGO

(¢) Electronic transition in GO

(b) Electronic transition in rGO

Figure 2.7. Schematic representation of (a) lattice structure and corresponding energy band
diagrams of graphene, GO, and rGO; and electronic transitions in (b) GO and (c¢) rGO

(Abid et al., 2018)
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2.5  Properties of Graphene Oxide and Reduced Graphene Oxide

2.5.1 Optical Properties

Graphene oxide (GO) has emerged as a potential alternative to graphene via the
introduction of adsorption of oxygen functional groups whereby, these functional
characteristics not only open up the bandgap but, may provide an option to tune the optical

properties by means of controlled oxidation process (Johari & Shenoy, 2011).

The desirable optical properties of GO are well reported in which the optical
absorption spectra of GO are dictated by the electronic transitions from the ultraviolet (UV)
based on the band tail extending into the visible. The most prominent absorption feature in
the GO nanolayer is a =—r* transition, commonly known as the aromatic C = C bonds.
The p orbitals of carbon may be combined either in-phase or out of phase (refer to Figure
2.9), which produces the bonding and antibonding combinations. This is eventually
demonstrated in w and m*orbitals whereby, the m orbital is lower in energy compared to the
n* and thus, allowing for a photon-induced transition between the w and n*. Usually, the
transition of GO dominates the absorption spectrum within the range of ~230 nm, as

previously reported (Kochmann et al., 2012; Shang et al., 2012; Zhang et al., 2012).

Typically, the absorption spectrum of GO prepared by the modified Hummers
method can be attributed to the n—n* transition in the C = O bonds of oxygen-containing
functional groups and then, promoting an electron from a lone-pair non-bonding » orbital

to the antibonding m* orbital through the photon absorption. As a result, the non-bonding
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orbital is between the m and ©* (refer Figure to 2.9 (c)) whereby, the n—n* transition is less

energetic and shifted from the n—n* absorption feature.

On the contrary, the sp? domains in the existing GO with the smaller bandgap energy
were presented to show a single-photon absorption. Therefore, the difference in the ratio of
sp* to sp® domains in GO via a controlled oxidation or reduction process may allow the
alteration of nonlinear optical properties, which is highly presentable for nanotechnology
generation applications. In addition, the oxidation or reduction process is involved to
modify the sp?/sp® structure which could be interesting to introduce the optical changes and

shifted absorption.

(@) (b) (c)

Figure 2.9. (a) The © orbitals of a C = C bond, (b) The n* orbitals of a C = C bond, and
(c) Energy diagram of m, n*, and » orbitals and transitions (Naumov, 2017)
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2.5.2 Thermal Properties

The synthesized GO from graphite possesses a low thermal conductivity ranging from 0.5
to 1.0 W m! K which these values require for good thermal properties for many
applications (Renteria et al., 2015). On the other hand, graphene possesses the highest in-
plane thermal conductivity approximately ~3000 to 5000 W m™ K (Stankovich et al.,
2007) whereas, Kim et al., (2018) suggested that the GO reduction has been shown to
improve the thermal conductivity based on the selected materials. In addition to this,
Renteria et al., (2015) studied that the produced rGO films from annealing GO at high
temperatures up to 1000 °C may substantially enhance the in-plane thermal conductivity,
resulting in an improvement ranging from ~3 to 61 W m™ K, respectively that useful for

applications in the directional heat conduction.

The incorporation of rGO into the nanocomposites gives the improvement in the
thermal conductivity which was believed to be a result of high conductivity, providing a
lower thermal resistance of traveling phonon (Smith et al., 2019). Another essential factor
for improved thermal conductivity is the high orientation of the rGO sheets which limits
the thermal transfer within the boundaries including, rGO has been shown to improve the
thermal properties of many nanocomposite applications including, epoxy, polymer, and

poly(vinyl) alcohol (PVA).
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2.6  Synthesis Methods of Graphene Oxide and Reduced Graphene Oxide

The considerable research on the synthesis of graphene and its derivatives, the desired
structure, and properties since the last decade is highly dependent upon the size, shape, and
functionalization groups on the surface of the nanomaterial. Among many fabrication
techniques used, mechanical exfoliation synthesis is an efficient and handful process to
generate graphene which was first explored by Novoselov et al., (2004). Furthermore, the
high interest in graphite has increased that the exfoliation method may provide a simpler,
cheaper, and more efficient, as well as may emphasize a variety of commercial product

evolution.

The synthesis of GO can be essentially classified into two main categories namely,
top-down (destruction) and bottom-up (construction) synthesis methods, as displayed in
Figure 2.10. The top-down approach comprises the structural breakdown of precursor
which is first extracted from a carbon source, typically the exfoliated graphite into the
interlayer separation of graphene nanolayers (Chua & Pumera, 2014), particularly for use
in nanocomposite materials (Lee et al., 2018). The top-down possesses several examples in
this approach to produce graphitic forms including, mechanical or chemical exfoliation
(Huang et al., 2015; Park & Ruoff, 2009), arc discharge (Zhang et al., 2017), oxidative
exfoliation, and reduction of GO (Emiru & Ayele, 2016), liquid-phase exfoliation (LPE)

(Wan et al., 2018), and unzipping of carbon nanotubes (CNTs) (Silva et al., 2018).
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Meanwhile, the bottom-up synthesis was utilized by alternative sources of carbon
material which require a high temperature to build the hexagonal structure of the graphene
sheets (Price et al., 2019). Due to these, several methods were implemented in this approach
including, chemical vapor deposition (CVD) (Shen et al., 2018), epitaxial growth (Kruskopf
et al., 2018), substrate-free gas-phase synthesis (Dato & Frenklach, 2010), template route
(Yang et al., 2015), and total organic system (Singh et al., 2011). Nevertheless, the bottom-
up synthesis brings a graphene product with defect free and large-scale area which exhibits
several shortcomings of the time-consuming, as well as faces some challenges to scalability
(Wang et al., 2017). Hence, high demand in the nanotechnology field has been focused on
the top-down synthesis approaches which were discovered as convenient works to generate

the GO-based materials.

Figure 2.10. Schematic illustration of graphene synthesis methods and ‘top-down’ and
‘bottom-up’ graphene synthesis (Edwards & Coleman, 2013; Lee et al., 2018)
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2.6.1 Chemical Oxidation Process

2.6.1.1 Brodie and Staudenmaier Method

The first approach for GO synthesis was constantly attributed by Brodie, (1859) in which
his work proposed the first manufacturing of GO and introduced an oxidization mixture
whereby, the graphite was combined with the potassium chloride, KCIO3 and solubilized
in the nitric acid, HNO3. Subsequently, a further approach for deriving the graphite oxide
was followed by Staudenmaier, (1898) who improved Brodie’s method through the
incorporation of sulphuric acid, H2SO4 in order to increase the acidity of the mixture.
Nonetheless, Brodie and Staudenmaier’s method evolve more outcome hazards such as

toxic ClOz gases which attribute to oxidized graphitic material.

2.6.1.2 Hummers and Modified Hummers Method

Years later, Hummers & Offeman, (1958) proposed an alternative technique via replacing
the HNO3, KCIO; with potassium permanganate, KMnOg4 as an oxidizer, and the use of
sodium nitrate to form nitric acid in situ rather than using nitric acid as a solvent whereby,
these chemical substances may improve the condition with a drastic manufacturing time
less than 2h with a lower temperature, as well as, to produce less hazardous compared to
the previous work. Therefore, this approach is generally used to generate the GO due to the

safer and more scalable nature of Hummer’s method.
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Another popular modification that changes or improves the synthesis method
proposed by Hummers is regarded as a “modified Hummer’s method” whereby, this
approach gets rid of the sodium nitride, NaNOj3 by adding up phosphoric acid, H3PO4 and
thus, enlarged the amount of KMnOs. The resulting mixture can be attributed to no toxic
gases, easy to control the temperature, and more production of GO powder with a higher
oxidation degree (Marcano et al., 2010). Alternatively, the researchers should acknowledge
modifying Hummer’s method to suit their desired applications by considering the carbon
source, pre-treatment techniques, oxidizing agent, and choice of the solvent, as these
considerations may give the beneficial impact of carbon to oxygen atomic (C/O) ratio for
the final GO products. Last but not least, an overview of the popular methods which was

successfully accomplished for the synthesis of GO are presented in Figure 2.11.

Figure 2.11. Schematic representation of common methods used to synthesize the GO
(Marcano et al., 2010)
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2.6.2 Chemical Reduction Process

2.6.2.1 Chemical Reagent Reduction

The reduction process by chemical reagents is referred to the chemical reactions with the
produced GO. Normally, the reduction of GO can be accomplished at room temperature or
by using moderate heating. Consequently, the requirement for the equipment to reduce the
GO is not as critical compared to thermal reduction treatment, which attributes the chemical

reduction as cheaper and easy to handle for the mass production of graphene.

Alternatively, the researchers have been done many efforts to produce the materials
with the desired properties as close to the pristine graphene by removing the oxygen
functional groups of GO using the chemical reduction method (De Silva et al., 2017,
Stankovich et al., 2007). This reduction approach can be implied from the thermal to
chemical to electrochemical whereby, each of these leads to the differences in the
morphological, electrical, and other properties. Commonly, the reduction of GO can be
comprised of important factors including, the C/O ratio of the final product, selectivity of
removing a single type of oxygen group (hydroxyl, carboxylic acid, and epoxy), surface
defects of the GO based on the oxidation process, the use of reducing agents (hydrazine
hydrate), as well as important to maintain the desired physical or chemical properties of the
GO for instances, electrical conductivity, mechanical strength, optical properties, solubility

or dispersibility of the GO nanosheets (Smith et al., 2019).
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The electrochemical reduction of GO is essential due to the use of chemical agents
which are exclusively driven by the electron exchange between GO surfaces and electrodes
of a typical electrochemical cell (Yang et al., 2016). Recently, numerous green reducing
agents have been reported to be effective in synthesizing rGO solutions including, ascorbic
acids, sugars, amino acids, and microorganisms, as well (De Silva et al., 2017). These
reducing agents were selectively attributed to the different techniques used for fabricating
the rGO due to their superior advantages in scalability (the capacity to be changed in size

or scale), energy usage, and amount of chemical waste produced.

In addition to this approach, the reduction of graphite oxide by using the hydrazine
hydrate has been applied to the discovery of graphene meanwhile, the use of hydrazine to
prepare chemically the derived graphene was first explored by Stankovich et al., (2007).
These investigations present the open approach for the convenient mass production of
graphene. Consequently, the hydrazine hydrate has been accepted as a high-demand which
acts as the chemical reagent to successfully reduce the GO. Furthermore, the reduction
process of graphene and its derivatives by using the hydrazine hydrate and
dimethylhydrazine can be significantly achieved by adding up these liquid reagents into a
GO aqueous dilution and thus, resulting in the agglomerated structures of graphene-based

nanomaterials due to a higher of hydrophobility effects (Pei & Cheng, 2012).

In an effort to fulfill the applications of graphene, some researchers had proposed
solutions to reduce the GO and at the same time, retain the colloidal state in water through

the incorporation of soluble polymers as surfactants, or ammonia in order to alter the charge
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state of the rGO nanosheets. Due to these advantages, the graphene sheets produced in the
colloidal solutions can be subsequently used for macroscopic structures via a simple

solution process such as the filtration method.

Other than that, metal hydrides such as sodium hydride, sodium borohydride
(NaBH4), and lithium aluminium hydride have been recommended as the strong reducing
agents in organic chemistry however, these chemical agents possessed a slight to very
strong reactivity with the water which becomes the main solvent for the exfoliation and
dispersion of GO samples. Shin et al., (2009) proposed that NaBH4 was exhibited as an
effective reductant than the hydrazine hydrate for the reduction process even though, it is
slowly hydrolyzed by the water and thus, effectively can reduce C = O species during the
reduction process. As an improvement, an additional dehydration approach has been
suggested by using the concentrated sulphuric acid of about 98% H>SOy after the reduction

by NaBH4 in order to further enhance the reduction process of GO (Gao et al., 2009).

Other strong reductants have been reported by Moon et al., (2010) whereby, the
hydroiodic acid (HI) was used for the reduction of GO. This approach can be realized by
using the GO in the form of a colloid, powder, or film in a gas or solution environment and
placed at room temperature. In comparison with the reducing agents as has been stated
earlier, the GO film which was reduced by HI possessed good flexibility and improved
tensile strength. As a result, the HI shows a better reducing effect than the hydrazine hydrate

and is suitable to be used for the reduction of GO films.
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On the contrary to the chemical reagent used, another method that promises the
reduction of GO is rely on the electrochemical removal of oxygen functionalization groups
(Zhou et al., 2009). Usually, the electrochemical reduction of GO sheets can be performed
using an aqueous buffer solution at room temperature along with the supported absence of
chemical reductant and especially caused via the electron exchange between the electrodes
and GO sheets. Consequently, the reduction process could inhibit dangerous chemical

reductants such as hydrazine hydrate.

2.6.2.2 Thermal Annealing for Reduction

Reduction of GO via a thermal treatment depends on the decomposition of oxygen
functional groups into CO and CO> gases at the elevated temperature (Pei & Cheng, 2012;
Slobodian et al., 2018) whereby, these gases are applied to exfoliate an individual GO
nanosheets. Due to these advantages, a thermal reduction can be accomplished by thermal
annealing at an elevated temperature in an oxygen-free environment or via less-
conventional techniques such as microwaving the GO powder and flash reduction of GO
films by using a high-intensity light. The inclusion of chemical reducing agents including,
hydrazine hydrate (Stankovich et al., 2007), metal hydrides, and hydrohalic acids (Pei &
Cheng, 2012) to produce the GO solutions is commonly used by many techniques which

were supported in the previous literature.
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In the initial stages of graphene exploration, GO can be significantly reduced by
heat treatment whereby, the rapid heating of more than 2000 °C/min was normally used to
exfoliate the graphite oxide for graphene production. Typically, the exfoliated nanosheets
namely, the chemical graphene derivatives underwent the rapid heating process and reduces
the functionalized graphene sheets via decomposing the oxygen-containing groups at an
elevated temperature. Notably, the effect of thermal exfoliation is that, the structural
damage to graphene sheets is caused by the release of carbon dioxide (Kudin et al., 2008).
As aresult, the electrical conductivity of the graphene sheets possesses a typical mean value
0f 10-23 S/cm which was much lower compared to the perfect graphene and thus, indicating
the weak effect on the reduction and restoration of an electronic structure of a carbon plane
(Schniepp et al., 2006). Therefore, Schniepp et al., (2006) demonstrated that the if the
temperature was less than 500 °C then, the resulting C/O ratio was not more than 7
meanwhile, if the temperature reached 750 °C then, the C/O ratio should be higher than 13.

Consequently, these results of heating temperature significantly affect the reduction of GO.

In addition to the interesting topic on the annealing temperature, the annealing
atmosphere is essential for the thermal annealing reduction of GO. The oxygen gas should
be excluded during the annealing process because of the etching of oxygen that will be
dramatically increased at high temperatures. Usually, the annealing reduction method is
performed in a vacuum with inert gases, and reducing atmosphere (Becerril et al., 2008;

Wang et al., 2008).
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2.7 Overview of Carbon Nanotubes

Carbon nanotubes (CNTs) are completely carbon-based hollow tubes with nanometer-
sized diameters. Particularly, nanotubes are intriguing candidates for nanoscale light
emitters and many other optical applications including, in the region of interest for infrared
wavelength applications such as optical communication. In addition to this, nanotubes
exhibit a variety of highly remarkable characteristics depending on their diameter and

“twist” feature which makes them either metallic or semiconductors.

2.7.1 Structures of Carbon Nanotubes

CNTs are well known as a one-atom-thick sheet of graphite called graphene, rolled up into
seamless cylinders with a diameter of the order of nanometers. Since the initial report was
proposed by Iijima in 1991, CNTs have evolved into the forefront in the nanotechnology
research fields. However, it was believed that the history of CNTs has been explored since
the 1950s when researchers started the discovery of CNTs structures in the range of 50 to
100 nm diameters. The development of CNTs was continued when Iijima observed the
needle-shaped material which appeared on the fullerene via the arc-discharge method.
These unique needle-shaped materials were then officially converted to the name of “carbon
nanotube” by lijima after considering the CNTs possess the nanometers size and tubular

shape. Since then, Iijima’s discovery of CNTs has become a turning point for further
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exploration of CNTs due to its great significance for applications as well as excellent

properties, including optical, electrical, mechanical, and thermal characterizations.

CNTs are theoretically an allotrope of carbon fabricated by rolling up graphene
sheets. Based on the number of concentrically rolled-up graphene sheets, CNTs can be
categorized into single-walled (SWCNTs) and multi-walled (MWCNTs). The SWCNTs are
described as a single graphitic sheet wrapped into a cylinder tube meanwhile, MWCNTs

are intrinsically comprised of concentric sheets covered with graphite multilayers.

In addition, the structure of SWCNTs can be visualized as a rolled-up tubular shell
of graphene sheet made up of benzene-type hexagonal rings of carbon atoms. The
MWCNTs is the stack of graphene sheets rolled-up whereby, each nanotube is a single
molecule composed of millions of atoms and the length of this molecule can be tens of
micrometers long with diameters as small as 0.7 nm (Meyyappan et al., 2003). Typically,
the SWCNTs contain only 10 atoms around the circumference and the thickness of the tube
is only one atom thick. Meanwhile, the MWCNTs are larger than SWCNTSs and consist of

many single-walled stacked ones inside each other.

Dependent on the wrapping of graphene into a cylinder shape during its creation
process, there are three different possible forms of SWCNTs including, armchair, zigzag,
and chiral (refer to Figure 2.12). The SWCNTs structure is well-characterized by a pair of
indices (n, m) which ascribe the chiral vector and have an effect on the electrical properties

of nanotubes. As a common opinion, when m = 0, the nanotubes are called “zigzag”
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nanotubes, when n = m, the nanotubes are called “armchair” nanotubes, and the other state

is called “chiral” nanotubes.

The chiral vector C = na; + ma: (a1 and a, are the base cell vectors of graphite)
identifies the tube diameter d, and finds out the direction of a rolling graphene sheet. Thus,

the diameter of a carbon tube can be derived by the following expression:

aVvm2+mn+n?
d= (2.1)

T

where a = 1.42 x v/3 which refers to the lattice constant in the graphite sheet. When n - m
is a multiple of 3, the nanotube can be described as ‘metallic’ or highly conducting
nanotubes, and if not, therefore, the nanotube is a semi-metallic or semiconductor. Wholly,
the armchair nanotube is metallic, whereas other forms of nanotubes will form a
semiconductor. The parameters and vectors attribute to an effect on nanotube structures are

as follows (Ali et al., 2014):

1. Translational vector =T =tlal + t2a2 >> (t1, 12)

2. Chiral vector = Ch = nal + na2 >> (n, m)

3. Length of chiral vector = L = a /(n2 + m? + n * m)

where a is the lattice constant

4. Chiral angle = cos 0= (2n+m) / (2* \/(nZ + m? + n * m))

5. Number of hexagons in the unit cell= N = (2 * (n* + m* + n * m) / dR)
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6. Diameter =dt=L/m
7. Rotation angle of the symmetry vector = y = 21/ N (in radians)
8. Symmetry vector = R = pal + ga2 >> (p, q)

9. Pitch of the symmetry vector =7=((m *p-n *q) * T)/ N

(2) (b)

Armchair Zigzag Chiral

Figure 2.12. Schematic representation of (a) formation of SWCNTSs by rolling of a
graphene sheet along lattice vectors which leads to armchair, zigzag, and chiral tubes, (b)
the three forms of CNTs (Madani et al., 2013)

MWCNTs can be formed into two structural models including, the Russian Doll
model and the Parchment model. When a carbon nanotube contains another carbon
nanotube inside it then, the outer nanotube has a greater diameter than the thinner nanotube,
which is known as the Russian Doll model. On the other hand, when a single graphene
sheet is wrapped around itself manifold times then, it is called the Parchment model. Both

SWCNTs and MWCNTs exhibit similar properties, and due to the multilayer nature of
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MWCNTs, the outer walls are not be able to shield the inner carbon nanotubes however,

the MWCNTs present the high tensile strength properties which only exist partially in the

SWCNTs. Briefly, the comparison between both SWCNTs and MWCNTSs is summarized

in Table 2.1.

Table 2.1

The comparison between SWCNTs and MWCNTs (Iijima & Ichihashi, 1993)

SWCNTs

MWCNTs

e Single layer of graphene

e (atalyst is required for
synthesis

e Bulk synthesis is difficult as
it requires proper control
over atmospheric condition

e Purity is poor

e A chance of defect is more
during functionalization

e (an be easily twisted

Multiple layers of graphene

Can be produced without catalyst

Bulk synthesis is easy

Purity is high

A chance of defect is less but once
occurred it is difficult to improve

Can be easily twisted

Carbon has different approaches in order to build bond structures with their

completely different properties. The sp® hybridization of carbon shows a strong layered

construction with weak out-of-plane bonding of the van der Waals form and excellent in-

plane bounds (Ali et al., 2014). In addition, the strong sp? individual carbon bonds possess

a higher tensile strength compared to steel and Kevlar. In fact, this bond is even stronger
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than the sp® bond existing in a diamond whereby, the SWCNTs have tensile strength
hundreds of times than steel. The highest measured tensile strength or known as breaking
strain for a carbon nanotube was up to 63 GPa which is around 50 times higher than steel
(Yu et al., 2000) and even the weakest types of CNTs have strengths of several GPa (Xie
et al., 2000). Other than that, the CNTs possess good chemical and environmental stability
and high thermal conductivity (~3000 W/m/K), comparable to a diamond. Thus, the
applications of CNTs encompass many fields and disciplines including, nanotechnology,

manufacturing, electronics, and biomedical (Ali et al., 2014).

2.8 Properties of Carbon Nanotubes

As stated in the early introduction, CNTs originated based on graphite sheets with the
presence of new properties by the effects of quantum confinement. Therefore, a brief
introduction focusing on the basic properties of CNTs, followed by a discussion on the
related optical and electronic properties of CNTs, as well as other thermal properties will

be discussed in the next subsection.

2.8.1 Optical and Electronic Properties

The electronic properties of CNTs are essential due to their high electrical conductivity

which promises the CNTs to be either metallic or semiconducting properties. The rolling
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action in the CNTs breaks the symmetry of the planar system and reveals a different
direction along with the hexagonal lattice network and axial direction which reforms the
nanotubes to behave electrically either as metallic or semiconductor properties. Taking
advantage of the CNTs, the semiconducting CNTs usually possess the optical bandgap
energy ranging from approximately 1.8 eV on very small diameter tubes to transform into
0.18 eV for the largest possible diameter tubes (Saifuddin et al., 2013). As a result, some
of the nanotubes possess electrical conductivities higher than copper, resulting in the
possibility of electronic devices.

In addition to this, CNTs comprised of two kinds of bonds by the factor of sp?
hybridization including, o bonds located on the cylinder walls and attribute to the formation
of the hexagonal network, as well as the © bonds which may interact between the nanotubes
with existing of van der Waals force (Norizan et al., 2020). Unfortunately, ¢ bonds in-plane
are unable to attribute to electronic properties such as the role in optical absorption or
electronic characteristics due to the o bonds being positioned far away from the Fermi level
(Khosravi et al., 2021). On the contrary, © bonds with the energies are located near to Fermi

level.

2.8.2 Thermal Properties

Recently, the measurement of thermal conductivity demonstrates higher conductivity of

about 2000 W/m/K for a single nanotube meanwhile, the multi nanotubes possess
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approximately ~3000 W/m/K as compared to diamond however, both types of nanotubes
are greater than graphite and carbon material. Furthermore, the thermal conductivity of
CNTs is significantly dependent on several factors including, chirality and diameter of
CNTs, morphology, defects, and size of the CNTs. Therefore, it can be concluded that the
graphitization process of CNTs is required to produce lower defects, uniform structures of

CNTs, as well as a good value of thermal conductivity (Han & Fina, 2011).

2.9 Synthesis Methods of Carbon Nanotubes

The number of patents on the synthesis of CNTs is increasing rapidly however, there are
many challenges remaining that must be resolved regarding the synthesis of CNTs.
Currently, the main challenges in the field of nanotube synthesis include mass production
which relates to the low-cost, large-scale production of high-quality nanotubes, selective
production whereby, it controls the structure and electronic properties of produced
nanotubes, the organization that controls the orientation of produced nanotubes, and the

development of mechanism during the formation of CNTs.

There are several techniques that have been developed for producing nanotube
structures and different morphology which mostly involve the gas phases. Commonly,
there are three procedures used to synthesize the CNTs including, the carbon arc-discharge,
the laser ablation technique, and the chemical vapor deposition (CVD) technique.

Furthermore, high-temperature preparation techniques for laser-ablation or arc-discharge
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were the first techniques used to synthesize CNTs, however, these techniques have been
replaced by low-temperature CVD method (<800 °C), whereby the length, diameter,
alignment, purity, density, and orientation of CNTs can be accurately controlled by the low
CVD method (Ganesh, 2013). Basically, the raw elements in the formation of CNTs are
catalysts, a source of carbon, and sufficient energy. The features of all of these techniques
act as the addition of energy to a carbon source in order to produce the fragments (single

C atoms or groups) which may recombine to generate CNTs (Saifuddin et al., 2013).

2.9.1 Arc Discharge

Arc-discharge was the first technique introduced by Bacon (1960) that allowed the
synthesis of SWCNTs in relatively large amount (gram). Afterward, the utilization for the
production of CNTs was carried out by Iijima and co-workers (1991). This technique uses
a higher temperature above 1700 °C for the synthesis of CNTs which typically causes the
production of CNTs with fewer structural defects, compared with other techniques, as
shown in Figure 2.13. Commonly, the utilized arc-discharge technique uses the high-purity
graphite (6 to 10 mm optical density (OD)) electrodes whereby, the electrodes are water-
cooled electrodes with diameters between 6 and 12 mm as well as, separated by 1 to 2 mm
in a chamber filled with helium (500 torrs) at sub-atmospheric pressure (Grobert, 2007).
To date, many modifications to the arc-discharge process have been suggested due to the
different applied in gas, current, and pressure to induce the reorganization of carbon atoms

into CNTs (Chaudhary et al., 2013).
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Generally, there are two main different approaches which are, the CNTs synthesis
using the different catalyst precursors and without the use of catalyst precursors in the arc-
discharge deposition procedure and production of CNTs. The synthesis of MWCNTs can
be conducted without the use of catalyst precursors however, the synthesis of SWCNTs
uses the varying catalyst precursors for expansion of CNTs, by a composition of graphite
and metal, as well. The previous studies have proposed that Ni-Y-graphite mixtures can
generate high yields (<90 %) of SWCNTs with an average diameter in the range of 1.0 to

1.4 nm, respectively (Saito et al., 1998).

Figure 2.13. Schematic diagram of an arc-discharge set up (Arora & Sharma, 2014)

2.9.2 Chemical Vapor Deposition (CVD)

In contrast with both previous techniques, the CVD method involves the decomposition of

a gaseous or volatile compound of carbon that is catalyzed by metallic nanoparticles, and
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thus, served as the nucleation site for the initiation of carbon nanotube growth, as presented
in Figure 2.14. This technique eventually allows CNTs to expand on different materials and
involves the chemical breakdown of a hydrocarbon on a substrate. The main process of
growing CNTs in this technique is similar to an arc-discharge technique whereby, the

carbon atoms are in contact with the metallic catalyst particles.

Fortunately, the CVD has been proven to be a preferred technique for a purpose of
large quantities production of CNTs due to the structures, diameter, length, and alignment
can be well controlled during the CVD process. Therefore, the main advantages of this
technique consist of a relatively low cost, mild operation, and controllable process. As
compared with laser ablation, CVD is an economically practical technique for large-scale

and pure production of CNTs, as well.

Figure 2.14. Schematic representation of CVD process (Zaytseva & Neumann, 2016)
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2.10 Physical Properties Characterization

2.10.1 Density and Molar Volume

Density is an important physical property that provides information on the structural
changes in glass materials. There are many factors that cause the density measurement
including, change in coordination number, geometrical configuration, and degree of
structural compactness within the chosen matrix (Deopa & Rao, 2017; Mawlud et al., 2017,
Tiwari & Dhondiyal, 2021). Archimedes’ principle has been used to obtain the molar

volume by relying on the density of all the glass samples, as follows:

Waj
Psample = ;r (2.2)

where pyqeer =1 g/ cm’
W, = weight of glass sample in air (g)

V = volume of glass sample (cm?®)

The molar volume of glass sample can be measured by the following expression:

Mw

Vi = T (2.3)

where M, = molecular weight of glass sample (g/mol)

p = density of glass sample (g/cm?)
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The study on physical parameters of the tellurite glass system has been investigated
whereby, the density showed the increasing trend and the molar volume was found in the
decreasing trend along with the increasing of ZnO contents (Elkhoshkhany et al., 2018).
Due to this work, it was clearly stated that the density and molar volume characteristics can
be correlated with each other with the presence of ZnO inside the glassy matrix. The
addition of ZnO into tellurite-based host glass imposed the increment in density caused by
the rearrangement of the internal structural network meanwhile, the decrement of molar

volume may be associated with the following factors:

1. The decreasing in bond length or known as “inter-atomic spacing” between the
atoms

2. Theradius of Zn** (0.074 nm) is much smaller than Te** (0.097 nm) which attributes
to more compactness and denser glass

3. The increasing of connectivity of glass (for example: increasing the number of

bonds)

The physical characteristics had been investigated for ZnO doped tellurite-based
glass whereby, the calculated density was found to increase along with the increase of ZnO
concentrations in the glass network system (Gangwar et al., 2019). Meanwhile, it was
revealed that the molar volume was found in the decreasing pattern which can be ascribed
in terms of zinc inclusion into the base glass system thereby, cause the decrement of molar
volume. Primarily, the ZnO itself incorporates a larger radius than the radius of tellurium

oxide and can act as a network modifier creates weaker bonds in the glassy matrix system.
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The interatomic spacing then becomes smaller caused by the weaker bond length in Zn-Te
linkage comparable to the bond distance existing in Te-Te atoms. Thus far, the tellurite-
based structure glass system is denser and promotes the higher compactness of the glass

system.

The effect of Er’*" ions on the physical characteristics had been studied for
phosphate glass whereby, the density values were observed in the increasing pattern from
4.0 to 5.6 g/cm’ while the molar volume values showed the decreasing trend from 42.2 to
30.8 cm’/mol, respectively (Ahmed et al., 2019). The increment of density is caused by the
increasing content of dopant Er’* ions which resulted in the creation of non-bridging
oxygens (NBOs) in the glass structures. Furthermore, Er*" ions possess a high coordination
which attribute to decreasing the interatomic spacing between the atom nuclei’s distance

and thereby, causing the lattice constant to decrease in the glass structural network.

2.10.2 Rare-earth Ion Concentration, Inter-ionic Distance, and Polaron Radius

The ionic concentration of rare-earth, NV and inter-ionic distance, R; in glass sample can be

computed by the relation (Chimalawong et al., 2012):

_ Ngxp*x
My

N (2.4)
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where Ny, p, x, and My, are referred to as Avogadro’s number, the mole fraction of rare-
earth oxide, the density of glass, and average molecular weight of glass sample. The inter-

ionic distance, R;can be calculated according to the relation (Bhatia et al., 2015):

R = (L) (2.5)

It is a significant parameter in determining the inter-ionic forces which result in the
compactness of the glass. Polaron is a quasiparticle which used to analyze the interactions
between electrons and atoms in a solid material. A conduction polaron (or hole) existing
with the polarization in a polar semiconductor or an ionic crystal forms a quasiparticle,
which is known as a polaron (Devreese, 2003). Polaron radius, Rp can be expressed by using

the following equation (Bhatia et al., 2015):

1

NCRE) 20

It should be noted that the value of Rp must be greater than the radius of an atom
whereby, the electron is localized, but less than the distance separating them. Polarons are
become the proper approach for identifying the electrons and holes within different

conducting materials however, they are only important in highly polar or ionic solids.
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2.10.3 Oxygen Packing Density and Field Strength

Oxygen packing density (OPD) is defined as the arrangement of oxygen atoms in the oxide
glasses which can be related to the spatial oxygen dispersion and molar volume (Saraswati

et al., 2021). The OPD can be estimated by the relation given (Bhatia et al., 2015):

1000*n=*
opp=——2F 2.7)
My

where n, p, and My, are denoted as the number of oxygen atoms in the composition, density
of glass, and molecular weight of glass. The field strength, /" around rare-earth ions can be

computed by the expression:

F=— (2.8)

where Z is the thickness of the glass sample and R is the polaron radius.

The study on physical characteristics including, the OPD parameter had been
investigated for Er’" ions doped zinc bismuth borate glasses (Mariyappan et al., 2019). It is
clearly observed that the steady increment of OPD values along with the ErO;
concentration which indicates the formation of bridging oxygens (BOs) ultimately assists

to create the compactness in the glass structures.
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2.11 Morphological Properties Characterization

Microstructure analysis can be referred to as the scientific investigation of the structure
which involves three-dimensional shapes of a surface layer and thereby, may apply to
sophisticated microscopes to form images of samples that cannot be seen with the naked
eye. The microstructural analysis characterization including, SEM, EDX, and HR-TEM are

significantly important for observing the surface morphology of the materials.

Firstly, SEM demonstrates the magnified micrographs of the size, shape,
crystallography, and other physical or chemical properties of the prepared specimen (Ural,
2021). In the early 1950s, the commercial SEM investigation was continued along with
extensive development studies by Charles Oatley and his co-workers at the University of
Cambridge (Smith et al., 2008). Furthermore, it is well-known that SEM uses an electron
beam to produce images with a resolution in the nanometer scale. The emitted electrons
from a filament and moved into a beam in the electron source and thus, the beam is focused
on the sample surfaces via a set of lenses located in an electron part. Commonly, the
captured images ranging from approximately 1 cm to 5 microns and may be projected in a
scanning mode with a magnification in the range of 20 X to 30 K X and spatial resolution
from 50 — 100 nm. SEM is widely used to identify phases from the chemical analysis or
crystalline structures. In addition, SEM is routinely used to produce high-resolution images
of the materials, as well as to demonstrate the variations in chemical compositions by

acquiring the elemental mapping images using EDX. Therefore, it was concluded that EDX
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is simultaneously carried out with SEM for detecting the possible elemental and

contaminants and spotting the chemical analyses typically, transition metal or RE elements.

Meanwhile, HR-TEM was the first technique used to identify the size distribution
of nanoparticle samples (Woehrle et al., 2006). Briefly, HR-TEM is usually known as a
microscopy method whereby, the beam of electrons is transmitted through an ultra-thin
specimen and thus, interacts with the specimen as it passes through. Particularly, it
comprises an electron gun that generates electrons and condensed them using a magnetic
condenser lens which may use to modify the size of an electron. The specimen is positioned

between the objective lens and condenser lens, as depicted in Figure 2.15.

First condenser lens

Second condenser lens

Condenser aperture

Sample

Objective lens
Objective aperture

First intermediate lens
Second intermediate lens

Projector lens

Screen

Figure 2.15. Schematic diagram of TEM instrument (Marturi, 2013)
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Another important investigation is that the clustering of nanoparticles size in the
glass network system detected by HR-TEM may be increased due to several factors that are

stated as follows:

1. Coagulation process: The small particles will vanish via the collisions as the
nanoparticles move around in the glass network and resulting in the formation of
larger particles.

2. Ostwald ripening process: The growth of larger particles through the diffusion of
smaller particles (Yao et al., 1993).

3. Coalescence of particles: The formation of larger particles due to the strong

chemical and physical bonding.

2.12  Structural Network Arrangement and Interatomic Bonding Characterization

The structural analysis characterization techniques including, XRD, FT-IR, and micro-
Raman are considered important tools for characterizing the structural arrangement of
amorphous glass matrix as well as, interatomic molecular of the carbon-based materials
composition. Firstly, the identification of glasses known as an “amorphous solid” can be
considered to possess a random arrangement of atoms, or non-equilibrium material
whereby, the characteristics of atomic arrangement are more likely liquid and lack long-
range periodicity in materials comparable to crystalline solids. Typically, the XRD

characterization technique was employed to provide information on phases, crystal
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orientation, structures, as well as other structural parameters including, defects, grain size,

and crystallinity of the samples.

Importantly, XRD is analyzed based on the constructive interference of
monochromatic X-rays whereby, the X-rays are produced by a cathode ray tube, filtered to
generate monochromatic radiation, collimated to concentrate, and directed to the prepared
samples (Bunaciu et al,, 2015). The theoretical study of Bragg diffraction in XRD

characterization is shown in Figure 2.16.

Incident angle Reflected angle

Figure 2.16. Schematic diagram of Bragg diffraction from the lattice plane when subjected
to X-rays (Fitzpatrick et al., 2005)

The interaction of the incident rays with the prepared samples may produce

constructive interference and a diffracted ray, as satisfied by Bragg’s law:
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nl. = 2d sin 0 (2.9)

where 7 is denoted as an integer, represents the order of reflection, A is the wavelength of

X-rays, d is the interplanar spacing that produces diffraction, and 0 is the diffraction angle.

Essentially, the amorphous structure that exists in the glass materials network
system was strongly proved with the presence of Er’" rare-earth ions in tellurite-based
glasses (Zhu et al., 2019). It was found that the absence of sharp peaks from XRD spectra
completely corresponded to an amorphous state of glass materials. Additionally, this trend

was observed with the occurrence of the long-range disorder in the glass structure.

Next, FT-IR is a well-known analytical characterization technique for obtaining
information on the nature and the content of possible functional and structural groups in
any materials. In particular, this technique may be used to trace and analyze the presence
of oxides in the glass matrix system including, TeO> and B>Os3 structural units. In FT-IR
analysis, the optical and infrared photons from the light source move through the Michelson
interferometer simultaneously. Moreover, a beam splitter, moving mirror, and fixed mirror
are included in the Michelson interferometer. Before being recombined by the beam splitter,
the light beam that was split into two by the team splitter is reflected from the moving
mirror and fixed mirror. The intensity of interference light is recorded in an interferogram,

with the optical path difference recorded along the horizontal axis.
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Meanwhile, the Raman scattering technique plays a key role in measuring the
vibrational energy modes of the sample by using scattered light. The principle working of
Raman shows a monochromatic light is delivered to the materials while producing the
scattering electrons in the different wavelengths. Additionally, Raman spectroscopy may
significantly provide information on chemical and structural properties, as well as the
characterization of substances via the characteristics of the Raman detector. When light is
scattered by a molecule, the oscillating electromagnetic field of a photon causes the
molecular electron cloud to become polarized and thus, affects a molecule to be in a higher

state with the presence of photon energy that is transferred to the molecule.

2.13 Optical Properties Characterization

2.13.1 Optical Absorption Spectra

Optical absorption measurements are most commonly used for investigating the nature of
glasses, primarily to determine the potential future applications in the fabrication of optical
components and commercial filter glasses. UV-Vis spectrophotometers are usually used to
analyze the optical bandgap and Urbach energy from the obtained optical absorption
spectra. The standard approach in investigating the optically induced electronic transitions
in glass materials is definitely to compute the optical absorption coefficient, which can be

identified using different wavelengths.
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Optical absorption occurred in glass materials, as indicated by two processes called
emission and absorption that are taking place in an atom. The photons that were released as
the atoms moved to lower energy levels are represented by the emission process. After
being heated or stimulated to a high level and thus, the atoms have released the light. When
the electrons are migrated to a lower energy level, they are actually releasing the excess
energy, which can be resulted in light emission. Meanwhile, the absorption process occurs
as the electrons absorb the photon energy, which causes the electrons to gain energy, and
eventually move to the higher energy level. The electronic states consist of localized
features and nature changes from localized to delocalized sections, which can be referred
to as the “mobility edge”. The separation of energy consists of valence and conduction

bands between the mobility edges is known as the “mobility edge” (refer to Figure 2.17).

Figure 2.17. Schematic illustration in states of conduction and valence bands (Morigaki &
Ogihara, 2006)
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The investigation of linear optical absorption spectra of trivalent erbium ions doped
tellurite glasses exhibited a rapid increment within the electronic absorption edge in the
glassy matrix that indicates the absorption in the higher transition of Er** ions (Sajna et al.,
2018). It was found that the peaks are recognized to the 4/-4ftransition of the ground states,
#1152 in erbium ions to the range of excited states which corresponding at 365 nm, 378 nm,
407 nm, 443 nm, 451 nm, 488 nm, 521 nm, 545 nm, 651 nm, 793 nm, 976 nm, and 1532
nm, respectively. Additionally, it was proposed that the extremely increasing in the
absorption intensity is along with the concentration of erbium ions as doping in tellurite
glasses. Thereby, some transitions which correlated with the lanthanide ions play the main
major role in the environments and defined as hypersensitive transitions which select the
important rules |[AS| = 0, |AL| < 2. Moreover, it was attained that the erbium ions have the
hypersensitive transitions of *Iis» — *Gii2 and *Iisp — 2Hiin where it is more intense

compared to the rest of the transitions.

The effect of erbium ions doped tellurite glasses obtained from the absorption
spectra whereby the glasses potentially attain the larger gain bandwidth for S-band
amplifier and broadband optical amplifier in wavelength division multiplexing (WDM) at
1.53 um, respectively (Pepe et al., 2019). The absorption bands of erbium ions doped
glasses were indicated to the transition from the ground state level (“Fis»2) to the level of
the excited state which is as follows: (4113/2, M1, Hon, *Fon, *Ssp, Hiia, *F1n, *Fsn, and
*F31), respectively. As stated from the absorption spectra, the increase of erbium ions

content may be attributed to the higher intensity of the absorption band peaks.
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The spectroscopic characterization for optical absorption spectra had been
investigated on erbium containing in the glass lattice system in which the optical absorption
bands were characterized near *I132 — *Iis,2 transition of the emission about the 1.53 um
of Er’* ions at the wavelength of 400 nm in excitation condition (Jimenez et al., 2020). It
was found that the erbium ions contained in the aluminophosphate glass consist of a high

content of monovalent copper which can be attributed to the photonics technology system.

The recent research on the erbium ions doped into bismuth borotellurite glasses had
been explored in investigating the optical absorption spectra in the wavelength range from
400 nm to 1750 nm which exist in the present glasses (Lakshmi et al., 2019). It was
observed that the absorption bands centered from the ground state level of *Iys transition
to the variation in the level of the excited state are given as follows: *Fs.2, *Fsp, “F712, 2H112,
*S3n2, “Fop, o, 11112, and *11312 transitions which respects to the stated wavelength regions
at 442 nm, 451 nm, 488 nm, 522 nm, 544 nm, 653 nm, 797 nm, 976 nm, and 1531 nm,
respectively. From the absorption bands obtained, the absorption intensities exhibited
increasing order due to the existence of erbium ions content in the studied glasses.
Therefore, it can be noticed from the absorption band, there was existing as the highest
level of intensity originated at 522 nm which corresponds to the transition of *I;5, — 2Hi12
transition which is known as the “hypersensitive” level caused by the polarization in Er**

ions and respects to the rule of selection indicated of |AS| =0, |AL| <2 and |AJ| < 2.
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2.13.2 Optical Bandgap Energy

The fundamentals of the optical bandgap energy may be correlated to the differences
between the valence and conduction bands. The electrons can flow freely from the valence
to conduction bands in semiconductors due to the small bandgap value, thereby allowing
for electrical conductivity in the material. Primarily, electrons existing in the conduction
band are mostly free of the atom’s nuclear charge and can flow freely in this band, which
is referred to as a negative charge carrier. Therefore, when electrons leave the valence band

and enter the conduction band, the state can be a positive charge carrier, known as a hole.

The semiconductors can be classified into two types, including the direct and
indirect bandgap. In a direct bandgap semiconductor, the electrons at the conduction band’s
lowest state may emit an unoccupied state into the valence band via the photon emission
with the energy mechanism. When an electron and a hole have the same momentum, a
direct bandgap occurs. Meanwhile, the conduction band’s minimal and valence band’s
maximum energy levels for the indirect bandgap semiconductor occurred at two different
momentum values. Therefore, the indirect bandgap’s electrons do not directly excite to the
maximum of the valence band, which can be attributed to a change in momentum and
energy, as well. Rather than emitting the photons, the energy can be transferred to the
lattice, which is known as the phonons. The emission of photon energy that occurred in

semiconductor materials for direct and indirect bandgap is presented in Figure 2.18.
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Figure 2.18. Schematic illustration of the photon emission processes (a) direct and
(b) indirect bandgap semiconductors (Sun, 2010)

According to Mott and Davis’s theory (Mott et al., 1972), the relationship between
the absorption coefficient, a(w) and photon energy, o has been proposed to determine
the indirect transition that occurred in the bandgap energy as expressed by the following

equation:

B(le—Eopt)n
hw

()= (2.10)
where B is an energy-independent constant known as the band tailing parameter, E,,; is
the optical bandgap energy, and » is a constant index that shows different values, %, 2, S,

and 3 depending on the type of optical transitions. These values correspond to the direct

allowed, indirect allowed, direct forbidden, and indirect forbidden transitions, respectively
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(Stambouli et al., 2012). Apart from that, the absorption coefficient, a(w) value can be
identified from the absorbance of glass materials along with different wavelengths as

represented via the relation:

a(®)=2.303 (g) (2.11)

where A referred to the absorbance and d is the thickness of glass samples.

The investigation of optical characteristics of the erbium ions doped into zinc
borotellurite glasses whereby, the optical bandgap energy values were indicated in the
reduction trend from 3.40 eV to 2.34 eV for direct bandgap and from 3.32 eV to 2.79 eV
for indirect bandgap energy (Chopra et al., 2018). It can be ascribed that the decrement in
optical bandgap energy can be attributed typically to the altering of the network structures
along with the addition of erbium oxide into the studied glasses. Other than that, the
incorporation of rare-earth erbium ions into the tellurite glass may result in the interruption
of Te-O-Te and B-O-B bridges existing in the glass formation. The bond linkages
particularly can be attributed to the conversion to TeO; from TeOy structural units through
the presence of TeOs+1 units and BO3 units’ group in the glass lattice system. Due to this
conversion process, it can be summarized that the existence of non-bridging oxygens

(NBOs) exhibits a more polarized comparable to bridging oxygens (BOs).

The improvement of optical bandgap energy via the inclusion of nanoparticles into

the erbium-doped sodium-zinc-tellurite glass was investigated by Yusof et al., (2017). It
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was found that the reduction of optical bandgap energy value along with the increase of
dopant ions resulted from 3.08 to 3.03 eV. These findings may be correlated to the lowering
of average bond energy which is caused by the formation of NBOs than BO ions in the
glass host. Additionally, the reduction of optical bandgap energy was attributed to the
higher number of NBOs than BOs with the presence of nanoparticle ions. The presence of
a large number of NBOs implies the abundance of localized electrons which may act as

donor centers in the glass network.

2.13.3 Urbach Energy

Urbach energy, 4AE is an optical parameter typically relates to the degree of structural
disorder in amorphous material which convert the weak bonds into defects (Tiwari &
Dhondiyal, 2021). The degree of disorderliness occurred in the amorphous glass due to the
additional broadening and thus, could be attributed to the band tailing of energy states in
the forbidden gap (Shakeri & Rezvani, 2011). As a result, the Urbach energy value can be
determined by taking the reciprocals of the slopes of the linear potion in a lower photon
energy region, which is the plot graph of the logarithm of absorption coefficient and

function of photon energy curves. The Urbach energy value can be expressed as follows:

a(w) =P exp(i—:j) (2.12)
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where 3 is a constant and AE is the energy of the band tail or known as Urbach energy. This
exponential behavior can be ascribed to the band tails associated with the valence and

conduction bands which extend into the bandgap.

The investigation of erbium, Er** ions doped strontium aluminate, Sr3;ALOs (SAO)
had been investigated especially in exploring a new technology on the potential photonics
whereby the Urbach energy value obtained from 0.68 = 0.08 and 0.34 £ 0.03 eV,
respectively (Singh et al., 2019). It was found that the Urbach energy corresponding to the
localized band tail states includes the formation of a bandgap in which the atoms change
from one energy state to another level of energy that occurred between the valence band
and conduction band in the optical transitions. Usually, the Urbach energy presented the
disorder of glass structure or can be said as the defects which were formed due to some of

the changes in structural network in glass system.

The effect of erbium ions had been studied for lithium zinc fluoroborate glasses in
which the Urbach energy showed the increment order from 0.176 to 0.219 eV along with
the addition of Er** ions concentration (Prabhu et al., 2019). The Urbach energy presents
the degree of disorderliness, especially in amorphous glass materials and values of Urbach
energy were described from the band tail existing in the forbidden gap energy, respectively.
In addition, it can be summarized that the value obtained for Urbach energy may be
presented the number of defects or disorders in glass structure along with the increasing
doping of Er’" ions. However, the number of defects obtained in this research is quite

smaller than the obtained lower value in Urbach energy presented in this glass system.
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2.13.4 Refractive Index

The refractive index is an important measurement that may affect the candela distribution
of the transmitted light and easy to change the intensity of light by improving the refractive
index value of any material (Tiwari & Dhondiyal, 2021). In addition, the refractive index
can be used as the optical parameter to facilitate the applications in photonic appliances,
particularly in fiber optics and amplifiers, and is highly affected by the electron density or
electronic polarizability of the glassy matrix system. Thereby, the refractive index value
can be determined via the intercommunication of light with the electrons of the constituent
atoms in the glass system. Theoretically, the fundamental of the refractive index can be
calculated using the optical bandgap energy based on the relationship as stated by Dimitrov

and Sakka (1996):

n2—1_ Eopt
w20 (2.13)

where n represents the refractive index and E,,.denotes as the optical bandgap energy.

Consequently, the value of the refractive index in the glass material depends on the

following factors (Abdel-Baki & El-Diasty, 2007; Tiedje et al., 1992):

1. Polarizability of the first neighbor ions coordinated with anion
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2. Field intensity Z/a” (i.e., polarization power), where Z is the valence of the ion
(ionic charge) and a is the distance of separation (ionic radius)
3. Coordination number of the ion

4. Non-bridging oxygen bonds (NBOs)

5. Electronic polarizability of the oxide ion
6. Optical basicity of the glasses
7. Repulsion energy in the electrical excitation of rare-earth (RE) ions

The optical characterization of the refractive index had been studied for erbium-
doped tellurite glasses embedded with nanoparticles into the host glass whereby, the
refractive index value exhibited the increasing trend in the range of 2.381 to 2.425,
respectively along with the increase of dopant ions concentration (Yusof et al., 2017). It
was found that the increment of the refractive index was influenced by the embedment of

nanoparticles in the glassy matrix system.

The optical spectroscopic for estimating the refractive index had been investigated
on samarium ions doped borotellurite glass whereby, the refractive index showed a value
in the range of 1.61 to 1.83, respectively along with the increase of TeO2 concentration
(Queiroz et al., 2019). As a result, it was discovered that the increase in refractive index is
linked to an increasing trend in density and electronic polarizability, both of which are
induced by the presence of TeO». Furthermore, the density increased from 3.05 to 4.31
g/cm®, which may be explained by combining the modifier networks, include boron oxide,

B>03, and calcium oxide, CaO, into the tellurite glass matrix. In conclusion, it was reported
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that the molecular weight of TeO; was 159.6 g/mol, which was higher than the molecular

weights of B,O3 and CaO, which were 69.6182 g/mol and 56.0774 g/mol, respectively.

2.13.5 Reflection Loss, Transmission Coefficient, and Dielectric Constant

Additionally, the important optical parameters including, reflection loss, transmission
coefficient, and dielectric constant can be deduced from the refractive index. Firstly, the
reflection loss can be calculated by using Fresnel’s formula as indicated as follows (Bhatia

et al., 2015):

_ w]z

n+1

(2.14)

Meanwhile, the transmission coefficient is correlated to the linear refractive index

based on the following simple expression (Linda et al., 2013):

2n
n2+1

(2.15)

The dielectric constant can be defined as the ability of a substance to generate
electric energy in an electric field as indicated in the following equation (Bhatia et al.,

2015):

€ =n? (2.16)
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where n is referred to the refractive index.

2.13.6 Electronegativity

The electronegativity of an atom refers to its relative ability to attract the electrons in a
bond toward itself (Thombre, 2016). The studies on electronegativity become the main
concept in understanding the chemical bond and material properties that can be applied in
any practical application. Furthermore, the atoms possessing large electronegativities, such
as F and O, are able to attract the electrons in bonds more effectively than those with small
electronegativities, such as Na and Mg. It is well known that Pauling initially proposed the
methods for the early study concept of electronegativity by which to qualitatively
characterize the transition from ionic to covalent bonds (Pauling, 1932). Afterward, the
electronegativities of the main group elements, such as the concept of average

electronegativity were introduced by Asokamani and Manjula (1989).
The defined average electronegativity parameter was intuitively correlated with the

chemical potential when atoms interact to form a molecule and thereby, can be expressed

in the following manner:

i xini
Xiav — 2 Ai% (2.17)
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where X over i presents values from 1 to &, y; is the Pauling electronegativity of an element,
n; is known as the number of atoms of the i;;, element, and N is denoted as the number of

elements present in the compound.

In connection with the concept of average electronegativity, Reddy et al., (2001)
have derived the empirical relationship for average electronic oxide ion polarizability as

follows:

o> = 4.624 — 0.7569%1 40 (2.18)

where y;4, 1s refer to the average electronegativity of the simple oxides. The obtained
value of a,> from Equation (2.18) was found to be in good agreement with previously
obtained findings by other researchers. On the contrary, it should be noted that average
electronegativity seems to exhibit a large value. Another approach was then explored by
Reddy et al., (2001) in which the following empirical relation primarily for binary oxide

glasses is as follows:

@ =3.319 - 0.3422 20 (2.19)

Another formula for all binary oxide glass compositions except TeO2, GeOz, and TiO> as

a second oxide ion was demonstrated as follows:

2- (X3av—1.35)
ay? = Qa2 (2.20)
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where Y.y, 7 = 2 and 3 can be referred to the average electronegativity of binary oxide

glass.

Briefly, it can be noticed that a relation subjected to more approximation

comparable to average electronegativity, Zhao et al., (2008) then introduced the concept of

optical electronegativity, Ay*and suggested the following empirical relation for binary

oxide glass:

ay>=-0.94y"+3.5 (2.21)

The optical electronegativity, Ay* can be calculated from optical bandgap energy or

refractive index value based on the following empirical relations studied by Reddy and

Nazeer Ahammed (1995):

Ax*=0.2688 E,p, (2.22)

Ay*=9.8e™" (2.23)

where E,; is the optical bandgap energy and 7 is the refractive index of glass sample.
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2.13.7 Judd-Ofelt’s Theoretical Study

The numerical integration of optical absorption bands was performed to identify the
experimental oscillator strength for transitions from the ground state *I;s to excited states
(Marzouk et al., 2021). Judd-Ofelt’s (J-O) theory was introduced as a fundamental stage
for the characterization of absorption spectra that have been considered to determine the

intensity of f-f transition in rare-earth (RE) ions (Judd, 1962; Ofelt, 1962).

The great approach of Judd-Ofelt’s theory allows the estimation of oscillator
strengths in absorption or luminescence, transition probabilities, branching ratios, and
radiative lifetime using the empirical intensity parameters, (Qx = 2, 4, 6) by fitting the
experimental and theoretical oscillator forces of the stated absorption transitions. Based on
the absorption spectra, the value of experimental oscillator strength for each observed
transition state of excitation can be determined by measuring the area under the absorption

bands using the following expression:

_2303mc?

foxp == — Je()dv (2.24)

me2Ny

where m, ¢, e, Na, and € are referred to as the electron mass, speed of light, electronic
charge, Avogadro’s number, and molar extinction coefficient obtained from the Beer-

Lambert’s law derivation, as given:
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o )

NL

(2.25)

where log (i—o) can be denoted as the measured absorbance with the specific frequency, N
t

is known as the concentration of rare-earth ions (mol/1000 cm?), and L can be represented
as the thickness of the glass sample (cm). According to Judd-Ofelt’s theory, the probability
of theoretical dipole oscillator strength (fca) from the ground state (aJ) to the excited state

(aJ’) can be calculated based on the following expression:

[ sm?mev ][(n%+1)2
Jear = [3he2(2]+1)] [ on ]Sed (2.26)
Sed = €% Y3224 221a@j[UMaj>|? (2.27)
— eZ . c9 12
S = el AL + 250" (2.28)

where v, n, and 4 are known as the transition wavenumber (cm™), refractive index, and
Plank’s constant, respectively; J is denoted as the total angular momentum of the ground
state and the doubly reduced matrix elements of Judd-Ofelt’s intensity parameters order,
(€. =2, 4, 6) between the manifold states of |«aj|lUAaj’»|* and |<ajIL + 2S|aj’>|* of Er** jons

in aquo solution (Carnall et al., 1968). Additionally, the quality of fitting for the theoretical
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oscillator strengths value can be identified via the root-mean-square (8,,,5) as can be

expressed as follows (Wen et al., 2019):

3 (foatfexp)’ ]
Srms = [& (229)

&-3

where £ is the number of analyzed transitions. Meanwhile, as can be referred in the
theoretical study proposed by Jacobs and Weber (1976), the intensity of erbium emission
can be expressed by the ratio between 4 and s parameters. The spectroscopic quality
factor, y signify the emission strength of lasing properties in the glass matrix system (Amiar
Rodin & Sahar, 2018). The spontaneous radiative transition probability 4(J-J’) for a
particular transition located from the ground state to the excited state can be calculated as

follows:

64mty3

AU-T) = Aea+Ama = | 3t| [XeaSea*HmaSmal (2.30)

where A.; and A,,4 can be referred to as average electric and magnetic dipole radiative
transition probabilities, respectively meanwhile, y,.,; and y,;,4 are known as Lorentz local
field correction for electric and magnetic dipole-dipole transition which can be expressed

via the relation:

_n(n?+2)?

Xea = (2.31)



90

Xma =1> (2.32)

Fluorescence branching ratio, Br is defined as the fraction of total photon flux from
the upper manifold to a lower manifold which determines the probability of achieving the
stimulated emission under the suitable excitation (Jlassi et al., 2010; Walsh et al., 1998).
The branching ratio for the upper state J can be evaluated to estimate the relative intensity

of the emission lines from the excited states via the following expression:

B = oD (2.33)

z:("‘19(1"“"1md)|a],b]/|

The emitting state radiative lifetime, ¢, can be referred to as the total spontaneous
transition probabilities A(J-J”) for all the transitions as calculated based on the expression

(Hamza, Halimah, Muhammad, Chan, et al., 2019):

1

(2.34)

t =

" S(Aea+Ama)a)b)|
The Judd-Ofelt’s parameters can be implied to obtain the transition probabilities,

Ay, branching ratio, B and radiative lifetime, 7, for all the excited states levels. The flow

diagram is presented as the summarization to obtain Judd-Ofelt’s parameters calculation

as follows, as illustrated in Figure 2.19.
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Figure 2.19. Flow diagram of Judd-Ofelt’s intensity parameters calculation

The Judd-Ofelt’s spectral intensity parameters, (Qx = 2, 4, 6) of Er** ions doped
oxycholoroborotellurite (OCBT) glass system were studied by Sailaja et al., (2021). It was
found that the J-O intensity parameters showed the trend as Qs> > > Q4 whereby, these
parameters are useful to figure out the local network structure around the rare-earth (RE)
ions. Apart from that, it was confirmed that these glasses possess the properties such as
both structural symmetry and rigidity of the material. The Q) intensity parameter is
correlated to the structural symmetry and nature of metal-ligand bond around the Er** ions
site meanwhile, the other Q4 and Q¢ parameters are disclosed to the rigidity, viscosity, and
basicity which demonstrates the bond between ligand atoms and Er** ions. Hence, it was
noted that the Qs parameter corresponds to the isomer shift (IS), which specifies the 6s

electron density around Er** ions site.
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The new broadband mid-infrared emission of Er**/Dy*" co-doped tellurite glass
system was investigated by Zhang et al., (2021). It was proposed that the prepared glasses
possess the larger value of Q) intensity parameter comparable with the Q4 and Qs
parameters, which indicates the excellent covalence nature and higher asymmetry. The
three intensity parameters follow the €, > Q4> Qg trend, indicating a moderate covalency
of Er-O/ Dy-O bonds and local asymmetry around the Er’**/Dy’" ions. Besides, it was
reported that the radiative properties such as, transition probabilities, branching ratio, and
aradiative lifetime of Er**/Dy** co-doped tellurite glass were evaluated from the absorption
spectra thereby, a higher value of radiative transition probability of Er*": *I;12 — “Ii3p

transition (47 s') and Dy**: ®Hj32 — °Hjsp2 transition (63 s™), respectively.

2.13.8 Photoluminescence

A luminescent material, often known as a phosphor is defined as a solid that generates
luminescence and transforms certain types of energy into electromagnetic radiation over
thermal radiation. The phosphor materials typically contain one or more impurity ions or
activators (A) whereby, the emission is produced by the activators (Ronda & Srivastava,
2006). Furthermore, a luminescent material can be easily excited according to the
appropriate excitation and processes a high quantum efficiency. The activators are then
compulsory to convert the absorbed energy into a suitable visible light frequency. Even
though the electromagnetic radiation was released by the phosphors can be normally visible

as well as, can be in the UV or infrared ranges.
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Generally, the mechanism of luminescence is defined when the activator absorbs
the exciting radiation in order to reach the excited state level in the absorption band. The
excited state levels are able to emit the radiation energy in which the photon had been
restored to the ground state level. This process takes place when the energy in the excited
state excites the lattice vibration or called the phonon in order to heat the main lattice. Due
to these different kinds of radiation of energy, the non-radiative process should be
controlled to develop an efficient phosphor. The illustrated diagram of the
photoluminescence band diagram mechanism is shown in Figure 2.20. The diagram
demonstrates three energy level states whereby, E1 shows a low-level energy state (valence
band) which consists of more electrons compared to E3, which exhibits a higher-level
energy state. The electrons are then raised from the valence band to E3 via a UV stimulation

in which they undergo a non-radiatively decay to the energy state level of E2.

Electrons
E3 3
4 \
\
| ‘ S
I Relaxation  » Electrons
E2 | Metastable
| z
| i Emission
oW\ ~| SV~ Population
) | | inversion
Stimulus |
El R R R #  Valence band

Holes

Figure 2.20. Schematic illustration of photoluminescence band diagram (McSherry et al.,
2004)
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As has been defined earlier, the luminescence process is commonly known as the

emission of light from a material when it has been absorbed by external energy. Therefore,

luminescence can be categorized into several kinds of energy whereby, the activators or

sensitizers are used to excite high-energy photons based on the following:

1l.

11l

1v.

Vi.

Photoluminescence process in which involve the excitation via an electromagnetic
radiation according to UV radiation.

Electroluminescence process occurs when the excitation is generated directly via
an electric field.

Cathodoluminescence process occurs when the excitation from an intense electron
bombardment beam.

Chemiluminescence process occurs when the energy of a chemical reaction excites
the material.

X-ray luminescence process takes place through the x-ray excitation.
Triboluminescence process may be produced from the mechanical energy

including, grinding process.

The absorption is referred to the luminescent materials which release the radiation

as the excitation energy is absorbed. The excitation and absorption spectra are often highly

correlated which indicates that the excitation energy can be absorbed by either the host

lattice or activators. Additionally, as the high energy excitation is applied including, rapid

electrons, gamma rays, or vacuum ultraviolet light thus, resulted in the host lattice
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excitation process. The excitation spectra demonstrate that the incident radiation is

absorbed by the host lattice or activator.

The optical properties of a luminescence center with the different host lattices are
commonly not similar due to the center’s immediate surroundings have been changed. The
influence of host lattice on the optical properties of a required activator can be attributed
into two major factors which are, the covalency and crystal field. Due to these factors, the
host lattice interactions between electrons are reduced as the covalency increases through
their spreading out over the wider orbitals. Hence, the electronic transition was shifted to

lower energy between the different energy levels.

Emission is specifically defined as a radiative which returns to the ground state
when the absorption and emission processes take place in a similar luminescence ion or
center, and thereby, can occur as a result of the host lattice that may greatly influence the
emission transitions. Typically, the emission does not exist during the relaxation process
in which the transition may return to the ground state upon emission of radiation. In the
absence of a radiation field, the emission occurs spontaneously whereas, the absorption can
only take place in the presence of a radiation field. The emission process in the presence
of the radiation field is known as the stimulated emission. The luminescence center reaches
a high vibrational level of the ground state after the emission process and then relaxes to
the lowest vibrational level of the ground state. Afterward, Stoke’s shift is defined as the

energy difference between the maximal level of excitation and emission bands. Hence, it
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can be concluded that the larger the vibrational overlap then, the higher the Stoke’s shift

and thereby, may attribute to the larger optical bands.

The emission process takes place in several mechanisms including, radiative and
non-radiative relaxation, cross-relaxation, as well as energy transfer (ET). As the definition
of energy transfer (ET), the sensitizer and activator ions possess the physical interaction
whereby, the ET may obtain its origin in electrostatic and exchange interaction. The ET
process between the synthesizer (S) and activator (A) ions is given by the following

chemical reaction:

S*¥+ A — S+ A* (2.35)

The Coulomb interaction specifies the electrons that initially exist in the excited
donor, as well as the electrons that were initially on the acceptor still remain there. It is
sufficient that the excited sensitizer ions induce a dipole oscillation on the activator ion for
the interaction to take place without any physical contact. Meanwhile, the energy
transferred in the case of exchange interaction may be visualized by a double electron
substitution reaction which is, the excited electron S* moves to A whereas, the one electron
on A moves to S, respectively. Therefore, this type of interaction necessarily involves the
electronic charge distribution overlap including, the physical contact between the sensitizer
(S) and activator (A) ions. The illustration of the energy transfer (ET) process is depicted

in Figure 2.21.
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Figure 2.21. Schematic diagram of energy transfer and exchange interaction between two
ions via Coulomb interaction (Ronda, 2007)

In a further cross-relaxation phenomenon, the excited electrons are partially
transferred their energy to other ions which involve the quenched emission band at a very
high concentration of synthesizer ions. For instance, the illustration of the schematic
diagram for the two terbium (Tb**) ions process, is depicted in Figure 2.22. In this case,
the energy difference between the excited state level of °Ds and °Da4 corresponds to the
energy difference between the ground state of F¢ and higher "F; states. The cross-relaxation
takes place when the emission from both °Ds and °D4 excited states is observed in the host
lattices at low Tb concentrations unless the gap between these two states requires relatively

high-energy phonons.
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Figure 2.22. Schematic diagram of cross-relaxation between two Tb>* ions (Ronda, 2007)

To date, the photoluminescence studies of Eu®" ions doped zinc-fluorophosphate
glasses were investigated by Sreedhar et al, (2019). It was found that the
photoluminescence (PL) excitation spectrum resulted in the red emission at 610 nm. In
addition, the more intense absorption bands were obtained from the excitation spectrum
located at 394 nm and 465 nm which corresponds to the "Fo —°L¢ and "Fo —°D transitions,
respectively. The excitation bands in the wavelength range of 380 to 480 nm are noticeably

stronger for using these glasses in various device applications.
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2.14 Applications on Glass Fiber/ GO/ rGO/ CNTs-coated Glass

Up to now, the continuous research on new advanced glass coatings with carbon-based
nanomaterials (CBNs) has received a dramatic increase to overcome the limitations of
current glass materials which in turn has the possibility to enhance the optical properties of
glass composites. The combination of extraordinary intrinsic properties of graphene
derivatives, as well as their nanoscale size, have been denoted as a potential candidate and

incorporated into many kinds of glass coatings.

Generally, owing to graphene’s negatively charged surface and large aspect ratio
nanosheet structure which found to enhance the luminescence properties in glass
applications. Therefore, Wang et al., (2020) fabricated the graphene coating of
Ln**(Yb*'/Er*")-doped germanium tellurite glasses for the solid-state material
luminescence. By the addition of graphene layer onto the glass surfaces, the luminescence
emission property was improved as more energy of propagation direction is parallel to an
interface is excited high surface-plasmon mode at an incidence angle is less than 15° and
the surface-plasmon mode then efficiently excites the Ln**(Yb**/Er**)-doped glasses. This
result led to an enhancement luminescence of graphene-coated glass, showing comparable

performance to the uncoated glass.

The incorporation of GO/rGO into the glass fibers has led to profound
improvements in the mechanical properties of the resultant composites. Mahmood et al.,

(2018) combined the GO-coated glass fibers by electrophoretic deposition meanwhile,
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rGO-coated glass fibers by a subsequent chemical reduction approach. The enhancement
of both coated-glass fibers was believed via the fiber-matrix interfacial shear strength
which was analyzed by the single-fiber fragmentation test. Another important factor to be
improved is the piezoresistive response which is contrary to the uncoated fibers, confirming
that these graphene-coated fibers have the possibility as the strain sensors in the load-

bearing devices.

Notably, Yan et al., (2021) proposed that the introduction of GO coating on the
single-mode fiber structure increased the refractive index (RI) sensitivity which in turn
reduced the magnetic field sensitivity of the sensor due to its thicker GO coating surface
on the core components. Moreover, the proposed GO-coated sensing structure improved
the performance of the sensor by incorporating only GO nanosheets which have broad

applications in the liquid environment prospects.

In a typical example, Silva et al., (2021) were successfully able to produce titania/
rGO composite coatings which showed great improvements in the photosensitive
properties. The GO was produced by Hummer’s method and subsequently, reduced to rGO
with the irradiated UVA light whereby, the light increased both the electrical conductivity
and hydrophilicity of the composite material. This finding is attributable to a hydrophilic
behavior that can be induced in the prepared samples using a direct current (DC) voltage

and these results provide a smart material application.
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Likewise, Yilbas et al., (2018) demonstrated a combination of graphene and GO
films onto the functionalized silica particle’s glass surface which showed the improvement
of optical transmittance. When combining with graphene-based nanomaterials (GBNSs), the
hydrophobic characteristics of the surface were slightly changed whereby, the contact
angle was found to improve from 157° to 160° over the entire glass surfaces. Other than
that, the results present the enhancement of optical transmittance and decrease the
scattering of the incident UV-visible radiation from the glass surfaces. It can be concluded
that this is a significant and potential improvement to the optical properties which allows
the inclusion of graphene films on the hydrophobic surfaces which in turn these findings

are introduced into many kinds of usable applications.

Recently, the CNTs-coated glass fibers were found to significantly increase the
conductive interfacial strength of the glass fiber which strongly affects the electrical
properties of composite material (Tzounis et al., 2019). Similarly, Chan et al., (2021)
proposed the functionalities of CNTs nanostructures which reasonable to improve the
optical characteristics of coated glass, as well as potentially tuning the optical bandgap and
thus, changing the semiconductor properties state of the glass-ceramic composites. In
another work, considerable attention is focused on the CNTs-coated glass fibers in which
the oxygen functional groups that existed on the CNTs enhanced the interfacial bonding
strength studied by Zhao et al., (2021). Due to the strong advantages in which the covalent
functionalization of CNTs enables the tuning of optical properties of glass matrix system

through the hybridization of sp? groups and thus, the bond character existed on the
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functionalized between the two carbon atoms affects the optical absorption (Gifford et al.,

2019).

Differently, CNTs are widely considered promising materials for glass fibers due
to their high performance to the significant results. To this aim, Rodriguez-Gonzalez et al.,
(2021) developed an effective strategy to coat MWCNTs onto the glass fiber surfaces by
applying an ultrasound standing wave. By the addition of CNTs coating material, it was
found that the ultrasonic deposition of CNTs on the glass fiber decreases the electrical
resistance, suggesting a potential standing wave field to coat MWCNTs onto the glass
fibers. As a result, the CNTs-coated glass fibers showed a great of multiscale composites
with the desired multifunctional properties. A summary of the previous studies on uncoated

and coated glasses is summarized in Table 2.2.

Table 2.2

Summarization of the previous studies on tellurite-based (uncoated) glass and glass
[fiber/GO/rGO/CNTs-coated-glass

Research title Findings
Enhanced 1.5 um emission from Yb>*/ The inclusion of dopant material into
Er** codoped tungsten tellurite glasses host glass caused a strong 1.5 pm
for broadband near-infrared optical emission with full width at high
fiber amplifiers and tunable fiber lasers maximum (FWHM) and thus, attribute

to a highly efficient resonance energy

transfer process (Yuan et al., 2021)
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Broadband mid-infrared emission in

Dy**/ Er** co-doped tellurite glass

The Judd-Ofelt’s parameters follow
the Qo > Q4> Qg trend whereby, the
studied glass shows a moderate
covalency of Er-O/ Dy-O bonds and
local symmetry around Er**/ Dy** ions

(Zhang et al., 2021)

Enhancing near-infrared luminescence
of Ln**(Yb*"/ Er*")-doped germanium
tellurite glasses by coating with

graphene

The luminescence emission property
was improved by the addition of
graphene layer onto the glass surfaces

(Wang et al., 2020)

Hydrophobic and optical
characteristics of graphene and
graphene oxide films transferred onto
functionalized silica particles deposited

glass surfaces

The present study showed the
improvement of optical characteristics
and reduce the scattering of UV-
visible radiation on the glass surfaces

(Yilbas et al., 2018)

Mechanical properties and strain
monitoring of glass-epoxy composites

with graphene-coated fibers

The enhancement of both GO-coated
glass fibers and rGO-coated glass
fibers was believed due to the fiber-

matrix interfacial shear strength

(Mahmood et al., 2018)
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Optical effects of divalent The covalent functionalization of
functionalization of carbon nanotubes CNTs allows for tuning the optical
properties of glass matrix via a
hybridization of sp?> groups. As a
result, the optical absorption was
strongly influenced by the
functionalized bond between two

carbon atoms (Gifford et al., 2019)

2.15 Summary

In summary, the theoretical study related to this research work was presented. The
calculation, expression formulas, and recent literature on optical properties including,
optical absorption spectra, optical bandgap energy, Urbach energy, refractive index,
electronegativity, other optical parameters, and photoluminescence were discussed in this
work. Referring to the previous findings, it can be concluded that the optical properties
such as refractive index, optical bandgap energy, and Judd-Ofelt’s intensity parameters
were important parameters to achieve excellent optical properties of the rGO- and CNTs-

coated glasses.



CHAPTER 3

RESEARCH METHODOLOGY

3.1 Introduction

This chapter presents the methodology of glass fabrication and characterization techniques
to investigate the optical and structural properties of tellurite glass coated with reduced
graphene oxide (rGO) and carbon nanotubes (CNTs). The optical properties cover the UV-
Vis spectroscopy and photoluminescence; meanwhile, the structural properties cover Field
Emission Scanning Electron Microscopy (FESEM), Transmission Electron Microscopy
(TEM), X-ray Diffraction (XRD), Fourier Transform Infrared (FT-IR), X-ray
Fluorescence, and Raman analyses. The synthesis method of GO, rGO, and CNTs were

clearly presented and thus, this chapter ends with a brief experimental work in this research.
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3.2 Glass Fabrication

3.2.1 Melt-quenching Technique

The two sets of glass series of zinc borotellurite doped with erbium oxide nanoparticles
with the chemical composition of {(0.47(1-y)) TeOz + (0.2 (1-y)) B203 + (0.29 (1-y)) ZnO
+ (y) Er203 (nanoparticles)} -rGO/-CNTs (coated) whereby, y = 0.005, 0.01, 0.02, 0.03,
0.04, and 0.05 mol% were synthesized via a conventional melt-quenching technique. The
high purity of raw materials consisted of Tellurium (IV) Oxide, TeO> (Sigma Aldrich,
99.99%), Boron Oxide, B>O3 (Sigma Aldrich, 98.50%), Zinc Oxide, ZnO (Sigma Aldrich,
99.99%), and Erbium (IIT) Oxide Nanoparticles, EroO3 NPs (Sigma Aldrich, 99.99%), as
listed in Table 3.1. All the chemical powders were weighed using an electrical balance in
accordance of calculated compositions with an accuracy of £0.0001 g to obtain 13 g of

mixed powder.

The weighed chemical powder was then placed into a platinum crucible and stirred
using a glass rod for 30 minutes in order to obtain a completely homogeneous mixture. The
mixture was transferred to the first electric furnace at 400 °C for an hour to undergo the
pre-heating process probably to remove the water content or moisture contained in the
mixture. Next, the mixture was melted at a high temperature of an electrical furnace at
900 °C for 2 hours certainly to obtain a good performance of transparent glass and having

a low tendency of fragility in glass materials.
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The molten chemical powder was poured instantly into a cylindrical stainless-steel
mold that had been pre-heated at 400 °C about an hour earlier to avoid the glass cracking
which could result from the thermal shock and to prevent the solidification from taking
place during the quenching process. The melt was then immediately annealed at 400 °C for
an hour to release the thermal stress or strain and get rid of the air bubbles which might
exist in glass materials. The fabricated glasses were allowed to cool down at room
temperature for 5 hours before being polished on both sides using the different types of
sandpaper to attain the highly flat, shiny, and smooth glass surfaces. The glass samples
were then ready to be deposited with rGO and CNTs solution via a simple and low-cost
spray coating technique for further optical and structural characterization in the glass
materials, as illustrated in Figure 3.1 meanwhile, the flow diagram of the fabrication and
deposition process of the ZBTEr (NPs)-rGO, ZBTEr (NPs)-CNTs, and ZBTEr (NPs)-

uncoated glass samples is presented in Figure 3.2.

Table 3.1

The details of high purity raw chemical powders

Chemical powders Supplier Purity level Particle size
company

Tellurium (IV) oxide, TeO,  Sigma Aldrich >99.99% Microns size

Boron oxide, B2O3 Sigma Aldrich >98.50% Microns size

Zinc oxide, ZnO Sigma Aldrich >99.99% Microns size

Erbium (II) oxide Sigma Aldrich >99.99% 2030 nm

nanoparticles, Er2O3 NPs




Synthesis of rGO

Hydrazine hydrate + GO
ZBTEr (NPs)-rGO glasses
Electrochemical Reduction of GO
exfoliation to rGO
ZBTEr (NPs)-CNTs glasses
SDS + CNTs
Glass deposition
Dispersion of CNTs

Figure 3.1. Schematic representation for synthesis and deposition of rGO and CNTs onto tellurite-based glass surfaces

801



PHASE 1- Fabrication

Figure 3.2. Flow diagram of glass fabrication and deposition process for ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses

601
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33 Synthesis of Graphene Oxide and Reduced Graphene Oxide

3.3.1 Electrochemical Exfoliation Method

The GO can be derived from graphite electrodes via an electrochemical exfoliation method.
The graphite rods were attached to a direct current (DC) voltage power supply as the
function of an anode and cathode electrodes. The electrodes were then instantly immersed
in the dissolved electrolyte solution and immediately allowed for exfoliation of bulk
graphite transformed into GO flakes about 24 hours, as shown in Figure 3.3. A
commercially anionic surfactant known as sodium dodecyl sulphate (SDS) was added to
the de-ionized (DI) water to prepare the electrolyte solution due to that surfactant can assist
to promote the stabilization of graphene sheets that occurred during the exfoliation process
(Narayan & Kim, 2015). In addition, the presence of a surfactant might inhibit the

formation of aggregation and agglomerated structures.

[ Graphite o ]\

‘\

[ Electrolyte solution ]

Figure 3.3. Experimental set up to synthesize GO via electrochemical exfoliation technique
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3.3.2 Reduction of GO to rGO

The graphene oxide solution was reduced by using hydrazine hydrate as a reducing agent.
Immediately after the process of GO synthesis, 0.5 ml of hydrazine hydrate was
subsequently added into the 50 ml GO solution in a triple neck, round bottom flask and
ready for immersion in a hot water. The mixture was then followed by additional stirring
for 24 hours using a magnetic stirrer held at a temperature ~95 °C, as depicted in Figure

3.4.

/ Condenser ]
/ Heating mantle ]

~_—’

——\
\

GO + hydrazine hydrate ]

Figure 3.4. Experimental set up for reduction process of GO to rGO
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3.4  Dispersion of Carbon Nanotubes

The dispersion of CNTs can essentially involve 0.5 g of multi-walled carbon nanotubes
(MWCNTs) powder (ChemAR, 95%) was first placed in a beaker that assisted with the
commercially anionic sodium dodecyl sulphate (SDS) surfactant in the electrolyte solution,
as shown in Figure 3.5. The mixture was then allowed to dilute the CNTs under the
moderate magnetic stirring process for 3 hours at room temperature, resulting from the
optimum effect between the addition of surfactant structures and CNTs interaction (Fatemi
& Foroutan, 2015). Subsequently, the obtained CNTs solution was ready to proceed as a
coating material on top of the tellurite-based glass surfaces by utilizing a spray coating

technique.

/[ CNTs solution ]

[ Hot plate ]_\>

Figure 3.5. Experimental set up to disperse the MWCNTs
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3.5 Glass Deposition Process

3.5.1 Spray Coating Technique

The as-prepared tellurite-based glass samples are ready to be deposited with rGO and CNTs
using the spray coating technique. The nozzle of an airbrush system with a diameter size
of about 0.25 mm was used for the coating process at approximately ~10 cm constant
distance from the nozzle to the glass surfaces, as shown in Figure 3.6 (experimental
procedure) and Figure 3.7 (schematic diagram), respectively. The rGO- and CNTs-coated
glass samples were then annealed at a temperature of about 400 °C for an hour in an argon

(Ar) ambient state, as shown in Figure 3.8.

[ rGO/CNTs solution ]

\

Glass sample ]
Kag - —‘\\
| \
\\\ ,/I

-

[ Spray nozzle ]

Figure 3.6. Experimental procedure of rGO-coated and CNTs-coated glass samples via
spray coating technique
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[ Nitrogen flow ]

} Distance about 10 cm from

rGO/CNTs solution / '

~

[ Glass sample

nozzle to glass surfaces

Hot plate 1 i

Figure 3.7. Schematic diagram of rGO- coated and CNTs-coated glass via spray coating
technique

[ Argon ambient ]

[ Glass samples ]

/

[ Controlled temperature (400 °C) ]

Figure 3.8. Experimental set up of the annealing process for rGO-coated and CNTs-coated
glass samples via 2-zone tube furnace
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3.6  Physical Properties Characterization

3.6.1 Density and Molar Volume Measurement

The density of all the glass samples was measured at room temperature (21 °C) by using
the densimeter with a standard error of around +£0.0001 g/cm® and with acetone (with the
density of 791 kg/m?) as the immersion liquid. Acetone is suitable to be used as an
immersion liquid because of its low surface tension in order to avoid air bubbles and is
compatible with the glass samples. The densimeter applied the basic principle of
Archimedes to obtain the density of all the glass samples. Then, the data of the glass

samples was calculated by using that instrument.

3.7 Structural Properties Characterization

3.7.1 Field Emission Scanning Electron Microscopy and Energy Dispersive X-ray

SEM is an essential analysis for the identification of the surface morphology of non-
material, the diameter, thickness, length, and orientation. In order to analyze the image
clearly on the surface, a focused electron has been used in the SEM analysis. Besides, SEM
is known as high-resolution imaging, which offers increased magnification and the ability

to observe very fine surface structures at lower accelerating voltage.

In addition, SEM is used for observing and imaging the surface morphology and

structure of the as-prepared glass samples. The observation of the surface morphology of
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tellurite-based glasses coated with rGO and CNTs was investigated using a FESEM
instrument (Brand: ZEISS, Model: MERLIN) at i-CRIM Centralized Laboratory, Centre
for Research and Instrumentation Management (CRIM), Research Complex, Universiti
Kebangsaan Malaysia and by using FESEM (Brand: Hitachi, Model: SU8020) at the
Chemistry Department Central Facility (CenFac), Universiti Malaya. During the
observation, SEM was operated at an accelerating voltage of 2 — 30 kV and the images were
captured using the upper detector at a working distance of 4 mm under the magnification
range from 1 to 200 K X. The glass sample materials were coated with platinum using
Quorum QI150P S Cooled Sputter Coater before identifying the structure of the glass
materials. In addition, the SEM instrument was equipped with an EDX for analyzing the
elemental composition in the rGO and CNTs samples. Then, the SEM and EDX instruments
were significantly used for observing the morphological structure on the glass surfaces and

detecting the possible elements in the solutions, as presented in Figure 3.9.

[ Glass samples ]

-
»” S
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\-_’/
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EDX \

Figure 3.9. FESEM was used to investigate the microstructure surfaces onto the rGO-
coated and CNTs-coated glasses
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3.7.2 High Resolution Transmission Electron Microscopy

HR-TEM is an important tool to identify the nano-size particles and analyze their size
based on the high resolution and quality using the TEM (LEO 912AB) at the Faculty of
Science, Universiti Putra Malaysia. In this study, the nanoparticles form of glass samples
was initially prepared by dispersing uniformly in an acetone solution before being
proceeded to place the solution contains the glass samples on the instrument sample holder.
Then, the glass samples were penetrated via focusing electrons emitted under the scanning
process which was controlled by using the computer connected to the instrument. The
image of nano-size particles appeared to possess an accuracy of about +£0.01. The basic
principle of an electron microscope shows a good resolution with a wavelength lower than

light in order to obtain a better-quality image of nano-size particles.

3.7.3 X-ray Diffraction

XRD is an analytical technique used for phase recognition of crystalline materials, which
are either crystalline or amorphous structures. Crystalline structure can be determined with
the formation of atoms in a regular pattern while amorphous structure exhibits atoms
randomly in liquid. The XRD can be functioned to identify the crystal structure
arrangement of materials, single crystal or particle orientation, size, shape, internal stress
of low crystalline parts, and lattice parameters from the peak. In addition, XRD can be

performed to obtain information from the local structures in glasses, including the nearest
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neighbor distances and coordination numbers. The scattering of X-ray gives a diffused
pattern in glasses in which the presence of long-range periodicity instead of sharp lines on

crystalline substances show the absence of long-range periodicity in the glass system.

XRD is an essential analysis to examine the characterization of glass materials and
to identify the structural arrangement in the glass system. Then, the crystallinity or
amorphous structure of the as-prepared tellurite glasses was investigated using an XRD
instrument (Bruker, D2 Phaser with the scan range, 6 of (10° — 60°) at the Faculty of
Bioengineering Technology, Universiti Malaysia Kelantan. During the measurement, the
tellurite glass samples were put in the sample holder and an X-rays beam from CuKa
emission in the wavelength, A = 0.154 nm hit to glass samples at room temperature. Then,
the obtained XRD pattern was matched with the references or standard data, as

demonstrated in Figure 3.10.

[ Glass samples ]

Figure 3.10. XRD measurement (Bruker, D2 Phaser) used for investigation of the
amorphous nature of rGO- and CNTs-coated glass samples
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3.7.4 Fourier Transform Infrared Spectroscopy

FT-IR spectroscopy is an analysis process which can be used to analyze the structural
bonding of glass network forming. One of the important advantages of FTIR spectroscopy
is that it can provide useful guidance on the structure of molecules rapidly without any
estimation technique and explains many facts about the structural arrangement and
properties of glasses. The fundamental necessity of this analysis is that there must be a net
change in dipole moment during the vibration of the molecule or functional group in this

study.

The investigation of the bonding parameter and structural units in the glass network
matrix of all the glass samples was performed by using the KBr pallet technique at the
Faculty of Science, Universiti Putra Malaysia. The sample was grounded into powder form
through the grinding process and weighed with an accuracy of ~0.005 g. The obtained
powder was then mixed thoroughly with the high purity of KBr powder of 0.2 g and pressed
at 0.1 until 0.2 kbar pressure by using an evacuator die. Later, the transparent pallet was
mounted in the spectrometer in order to undergo for the scanning process. The transmission
spectra were measured within the region of 400 — 4000 cm™ at room temperature. The
obtained final infrared spectrum was computed and shown on the computer screen. The

error of this instrument is approximately =10 pm.
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3.7.5 Micro-Raman Spectroscopy

Raman scattering technique is a molecular vibration or rotation in which the vibration
structural units and phonon energy of host material may be inferred. In particular, Raman
spectroscopy is able to probe the nature of defects in graphitic materials due to the G and
2D (known as the G’, being symmetry allowed) peaks that always satisfy the Raman
selection rule, the Raman-forbidden D and D’ bands appear in the Raman spectrum which
reflected in the defect-activated Raman intensities. This technique is used for investigating
the graphene from graphite and its sensitivity towards the defects, excess charge (doping),
strain, and atomic arrangement of the edges. In the Raman scattering process, the peaks are
activated by a single-phonon inter-valley and intra-valley scattering process, respectively
where the defect distributes the missing momentum for satisfying the momentum

conservation.

The structural properties of as-prepared GO, rGO and CNTs samples are studied
using micro-Raman spectroscopy located at i-CRIM Centralized Laboratory, Centre for
Research, and Instrumentation Management (CRIM), Research Complex, Universiti
Kebangsaan Malaysia. Furthermore, the Raman spectra were operated from 100 — 4000

cm’! about 5 minutes in each running process, as depicted in Figure 3.11.
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Figure 3.11 Micro-Raman spectroscopy was used to identify the nature of defects in GO,
rGO, and CNTs samples

3.8 Optical Properties Characterization

3.8.1 Ultraviolet-Visible Spectroscopy

UV-Vis spectroscopy is a powerful tool for identifying the optical absorption spectra of
glass samples. The analysis of optical properties such as optical absorption spectra, optical
bandgap energy, and Urbach energy can be further analyzed via the obtained optical
absorption spectrum. The instrument which is a UV-Vis spectrophotometer (The Cary
5000) from NANO-SciTech Laboratory, Centre for Nanoscience and Nanotechnology,
Institute of Science, Universiti Teknologi MARA (UiTM) and also conducted at i-CRIM
Centralized Laboratory, Centre for Research, and Instrumentation Management (CRIM),
Research Complex, Universiti Kebangsaan Malaysia were applied for optical properties in

the range of wavelength about 200 — 800 nm that was carried out at room temperature. The
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prepared rGO-coated and CNTs-coated glass samples with a thickness of ~2 mm was then
placed in the sample holder in order to analyze the characterization process. Lastly, the
obtained optical absorption spectra were recorded by the computer system which is

connected to the instrument, as shown in Figure 3.12.

Figure 3.12 UV-Vis spectrophotometer (The Cary 5000) was applied to analyze the optical
absorption spectra of rGO-coated and CNTs-coated tellurite glass samples

3.8.2 Photoluminescence

Photoluminescence is a light emitting analysis applied to any substance and used to
determine the optical emission via a photon-excitation. It was followed by the light that is
directed onto the sample, where it is absorbed or imparted the excess energy. In fact, photo-

excitation causes the electrons to move into the excited states of the glass materials. The
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photoluminescence spectrometer (Edinburgh Instrument, Model FLS920) was used to
analyze the emission spectra of glass sample at i-CRIM Centralized Laboratory, Centre for
Research and Instrumentation Management (CRIM), Research Complex, Universiti
Kebangsaan Malaysia. The photoluminescence instrument used in this study is presented

in Figure 3.13.

Figure 3.13 Photoluminescence (PL) spectrometer was used to determine the optical
emission characterization of rGO- and CNTs-coated tellurite glass samples

3.9 Brief Description of Experimental Work

The overall experimental work was summarized which can be described as follows (refer

Figure 3.14):
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Stage 1: Fabrication of the ZBTEr (NPs) glasses by utilizing a conventional melt-

quenching technique.

Stage 2: Physical characterization of the ZBTEr (NPs) glasses.

Stage 3: Synthesis of GO and rGO by using electrochemical exfoliation and

reduction process, respectively as well as the synthesis of CNTs with assisted

surfactant.

Stage 4: Glass coating of the ZBTEr (NPs) glass samples with coating materials

(rGO and CNTs) by using a spray coating technique.

Stage 5: Optical and structural characterization of the ZBTEr (NPs)-rGO and

ZBTEr (NPs)-CNTs glasses.



STAGE 1

Fabrication of glasses

ZBTEr (NPs)-rGO ZBTEr (NPs)-CNTs

STAGE 2

Physical properties measurement
(Density and molar volume)

STAGE 3

Synthesis of rGO and CNTs
STAGE 4
Glass deposition of ZBTEr (NPs) glasses

STAGE 5

Samples characterization
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Figure 3.14 Research flow chart of overall experimental study
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3.10 Summary

In summary, it was concluded that the detailed procedure to fabricate the tellurite glasses
doped with erbium nanoparticles via a melt-quenched technique was presented. The spray
coating technique had been used to proceed with the deposition process onto glass samples
with rGO and CNTs solution separately. The characterization of the coated tellurite-based
glasses were characterized to investigate the optical, structural, and physical properties of

the glass matrix system, were briefly explained in this work.



CHAPTER 4

RESULTS AND DISCUSSION

4.1 Introduction

In this chapter, the results of physical, structural, and optical properties of the studied
glasses were discussed. This chapter can be divided into four main subsections. The first
subsection discusses on the characterization of ZBTEr (NPs)-uncoated glass. The second
subsection describes the characterization of ZBTEr (NPs)-rGO glasses. Meanwhile, the
third subsection explains the characterization of ZBTEr (NPs)-CNTs glasses. This chapter
is ended with the last subsection which discusses the comparative analysis between ZBTEr

(NPs)-uncoated, ZBTEr (NPs)-rGO, ZBTEr (NPs)-CNTs glasses and previous studies.
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4.2  Physical and Structural Properties of Tellurite Glass Doped with Erbium
Nanoparticles (ZBTEr (NPs)-uncoated)

4.2.1 Density and Molar Volume

The density data for a glass series denoted as the ZBTEr (NPs)-uncoated glasses were
tabulated in Table 4.1. According to Figure 4.1, the density data of ZBTEr (NPs)-uncoated
glasses show the increment trend along with an increase of Er** nanoparticles (Er-NPs)
concentration. This effect may be ascribed to the existence of the excess amount of oxygen
in the amorphous system (Nazrin et al., 2018). Moreover, the obtained results correspond
to the presence of TeOs functional groups with the supported FT-IR spectra, as
demonstrated in Figure 4.5. Additionally, the excess of oxygen takes place at high density

particularly, via the substitution of ZnO by TeO; structural units in the glassy matrix.

The density data of ZBTEr (NPs)-uncoated glasses show an increasing trend which
can be correlated with the addition of Er-NPs ions nanoparticles and lead to the degradation
of the crosslinked network in the glass system. Furthermore, Er-NPs ions comprise
trivalent electrons which increase the tendency to release three electrons and may capture
one electron from the oxygen to immediately break the glass network chain. Afterward, it
is observed that the breaking of the continuous linking network attributes to the formation

of non-bridging oxygens (NBOs) and thereby, leads the molecules to become denser.

The trend of density in the studied glasses may be influenced from the incorporation

of heavy metal ions into the glassy matrix system. The increasing trend of density can be
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explained in terms of atomic mass in which the atomic mass of erbium oxide, Er.O;
nanoparticles (Zg: = 167.259 gmol™') is heavier than the atomic mass of tellurium oxide,
TeOx (Zre = 127.600 gmol ™), zinc oxide, ZnO (Zzn = 65.409 gmol™!) and boron oxide, B2O3
(Zs = 69.618 gmol™). The factor of a large number in atomic mass of erbium leads to the
increasing of compactness and thus, attribute to the increment in densities for the ZBTEr

(NPs)-uncoated glasses.

Meanwhile, the molar volume of the ZBTEr (NPs)-uncoated glasses was found
increased as the density increases along with erbium, Er-NPs concentration. The formation
of NBOs existing in the glassy matrix may break the bonds of tellurite host glass and thus,

increase the free space in the glass network system (Nazrin et al., 2018).

Particularly, the theoretical relationship between the density and molar volume is
inversely proportional to each other. However, the obtained trend shows that the molar
volume value is directly proportional with the density. The occurrence of this trend can be
related to the atomic radius differences between tellurite and erbium oxides. It is noted that
the atomic radius of erbium oxide, Er.O3 nanoparticles (r = 175 pm) is greater than the
atomic radius of tellurite oxide, TeO (r = 140 pm). Therefore, it can be noticed that the
higher atomic radius in erbium oxide than tellurite oxide will produce an excess free
volume as the Er-NPs concentration increases. Nevertheless, the molar volume decreased
slightly at 0.01 mol% Er.Os3 nanoparticles concentration, as shown in Figure 4.1. This
behavior can be correlated to the trend of density and the incorporation of ZnO which is

known to possess the dual nature properties to a certain concentration of dopants in the
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glass network. Other than that, the addition of Er-NPs content into the glass interstices
causes an increase in the interatomic spacing between the atoms and bond length of Er-O

and Te-O thereby, leads to the increment in molar volume of the glasses.

—e—Density —&—Molar volume

4.900 26.800
% 4.850 26.600 E
)
iy =
2 480 26400 §
= 4750 5
2 26.200 o
% 4.700 26000 3<
2 4650 g
4.600 25.800 g\

4.550 + . . . . . 25.600

0.000  0.010  0.020  0.030  0.040  0.050
Er,0; nanoparticles concentration (mol%)

Figure 4.1. Variation of density and molar volume as a function of Er,O3 nanoparticles
concentration of the ZBTEr (NPs)-uncoated glasses
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Table 4.1

Density and molar volume with the different Er>O3 nanoparticles concentration for ZBTEr
(NPs)-uncoated glasses

Er03 nanoparticles concentration Density, p Molar volume, Vi,
(mol%) (kg/m®) (£0.0001) (m*/mol) (£0.0001)

0.005 4.588 25.868

0.010 4.659 25.733

0.020 4.755 25.771

0.030 4.822 25.964

0.040 4.877 26.215

0.050 4.881 26.737

4.2.2 Erbium Inter-ionic Distance, Polaron Radius, Field Strength, and Oxygen
Packing Density

Further studies of the structural changes caused by Er-NPs in the tellurite glass system,
some related physical properties such as Er’*" ion concentration (N), erbium inter-ionic
distance (R;), polaron radius (Rp), erbium field strength (F), and oxygen packing density
(OPD) were determined using the equations which have been stated in subsections 2.10.2

and 2.10.3 and the calculated data are presented in Table 4.2.

Figure 4.2 shows that the erbium ion concentration (N) increases with the increase

of Er-NPs concentration. This data is important to identify the erbium inter-ionic distance
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(Ri) and polaron radius (R;). The observed decrease of R, with the increase of Er-NPs
content can be correlated to the increased value of erbium ion concentration (N).
Additionally, it was believed that the shorter distance between Er and O atoms may
attribute to the increasing of Er-O bond strength in the glassy matrix and hence, generating

a stronger field strength around the Er** ions sites.

The increment of density values depends on the multi-composition of the ZBTEr
(NPs)-uncoated glass matrix which causes the oxygen packing density (OPD) to increase
from 74.047 — 74.960 g.atom/L along with the increase of Er-NPs concentration from 0.005
— 0.02 mol%, as depicted in Figure 4.3. The observed increase of the OPD value in the
glass matrix may be ascribed to the decrease in the interstitial space of the glass network
which resulted from the introduction of erbium atoms containing large atomic, as well as
ionic radii. Furthermore, these results were affected due to a higher number of atoms per
unit composition and the increasing number of NBOs which indicates more inter-atomic

spacing and disordered structures in the glass network.

Meanwhile, the OPD value decreased in the range of 74.823 — 73.475 g.atom/L
along with the increase of Er-NPs concentration from 0.03 — 0.05 mol% which ascribed to
the existence of NBOs and broken B-O and Te-O bonds along with the increase of molar
volume from 25.773 — 26.737 m*/mol. The covalent nature of the glass network structure
was increased which in turn reduced the ionic nature along with the increased molar

volume and thereby, indicating the emergence of loose packing that exists in the glass
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matrix. Other than that, the obtained field strength value indicates the high solubility of

rare-earth oxides in the tellurite glass system.

With regards to this, it was concluded that the physical properties of the tellurite-
based amorphous glass matrix were not influenced by the rGO and CNTs coating materials.
It is worth noting that the rGO and CNTs layers on the glass surface does not affects the
density and molar volume of the tellurite glass system. Apart from that, rGO and CNTs
give significant effects on the optical properties of tellurite glass. Hence, the rGO and
CNTs coating materials are excellent candidates which offer enormous potential to
improve the optical properties of the tellurite glass system which will be discussed in

sections 4.4 and 4.6.
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Figure 4.2. Variation of erbium ion concentration (N), erbium inter-ionic distance (R;), and
polaron radius (Rp) as a function of Er.O3 nanoparticles concentration for ZBTEr (NPs)-

uncoated glasses
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Figure 4.3. Variation of oxygen packing density (OPD) and field strength (F) as a function
of Er,O3 nanoparticles concentration for ZBTEr (NPs)-uncoated glasses



Table 4.2

Erbium ion concentration (N), erbium inter-ionic distance (R;), polaron radius (Rp), erbium field strength (F), and oxygen
packing density (OPD) with the different Er>O3 nanoparticles concentration for ZBTEr (NPs)-uncoated glasses

Er,03 nanoparticles N (ions/cm®) (x10?%)  R;i (A) (x107)  Rp (A) (x10®)  F (cm®) (x10")  OPD (g.atom/L)

concentration (mol%) (£1.495) (£0.188) (£0.756) (£1.575) (£0.398)
0.005 1.164 1.024 8.254 3.024 74.047
0.010 2.340 0.811 6.540 5.261 74.647
0.020 4.674 0.644 5.193 7.898 74.960
0.030 6.958 0.564 4.548 11.265 74.823
0.040 9.189 0.514 4.145 11.755 74.522
0.050 11.262 0.481 3.874 15.395 73.475

Sel
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4.2.3 X-ray Diffraction of ZBTEr (NPs)-uncoated Glass

The structural investigation was studied by XRD spectroscopy to confirm the amorphous
nature of the studied tellurite-based glass. Based on the XRD spectra shown in Figure 4.4,
the presence of a broad diffusion or hump pattern was observed within the range of 20° —
40° in the 20 diffraction scale which indeed validates the amorphous structural arrangement
of all the prepared glass samples. These results are in accordance to the study by Bulus et
al., (2019). Apparently, the ZBTEr (NPs)-uncoated glass samples show the absence of
sharp diffraction peaks in the XRD spectra which confirms the existence of long-range
structural disorder characteristics or lack of atomic orderliness takes place in the glass

network system (Amiar Rodin & Sahar, 2018).
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Figure 4.4. XRD spectra of ZBTEr (NPs)-uncoated glasses
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4.2.4 Fourier Transform Infrared Analysis of ZBTEr (NPs)-uncoated Glass

The structural parameters were determined by FT-IR spectroscopy and the obtained data
illustrates the structural bonding with functional groups of the glass network system. The
transmission spectra of ZBTEr (NPs)-uncoated glass samples are recorded in Figure 4.5
and summarized in Table 4.3. It is noted that there are several peaks shown in the
transmission spectra for all samples which indicate the local structure in the glass matrix.
Generally, the transmission spectra of the ZBTEr (NPs)-uncoated glasses correspond to
three transmission bands with different concentrations of Er2O3 nanoparticles in the range
of 656 — 664 cm™, 1233 — 1252 cm!, and 1327 — 1343 cm! (as indicated by the vertical

dotted line) meanwhile, some shoulders are presented in the range of 414 — 421 cm’'.

The transmission band of pure TeOs is generally located at 640 cm™. The
characteristics of tellurite oxide composed of two different kinds of structural configuration
units including, TeOs trigonal bipyramid units (tbp) and TeOs trigonal pyramid units (tp)
(Marczewska & Sroda, 2018). The existence of transmission band located in the range of
656 — 664 cm™' demonstrate to the stretching vibrational modes of Te-O bands that exists
in Te-bridging oxygen and Te-nonbridging oxygen, respectively. The formation of Te-
bridging oxygen is associated to the TeOs trigonal bipyramid structural units (tbp)
meanwhile, the Te-nonbridging oxygen correlates to the TeOs trigonal pyramid structural
units (tp) (Lesniak et al., 2019). Specifically, the first transmission band is dominated by
the bands in the range of 600 — 650 cm™, corresponds to the high content of TeO4 structural

group meanwhile, the second transmission band is located in the range of 650 — 700 cm™!,
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which correlates to the TeOs3 structural groups exists in the glass system. Furthermore, the
transmission band in the range of 656 — 664 cm indicates the presence of the Te-
nonbridging oxygen, TeOs functional groups. These broadened bands may be related to the
structural properties of TeO; including, bond lengths, bond angles and coordination

numbers in the disordered amorphous glass materials (Gupta et al., 2020).

Concerning the addition of modifier oxide into the glassy matrix system, the
transmission band characteristics of pure borate oxide, BO; is centered at 806 cm™.
Primarily, the transmission bands of BO4 and BOs; are proposed to form a stable glass
formation via the introduction of boroxyl ring. According to the work by Krogh-Moe, he
suggested that the vibrational modes of borate glass are active based on three spectral
regions (Julien et al., 1989). From the obtained transmission spectra, the first group of the
band is observed around 600 — 800 cm™ which can be related to the bending vibrations of
various borate arrangements B-O-B. Meanwhile, the second group of the band is located
around 800 — 1200 cm™ which corresponds to the B-O stretching vibrations of tetrahedral
BOs- structural units. Lastly, the third group of the band is obtained around 1200 — 1800

cm’! which corresponds to the B-O stretching of trigonal BOs structural units.

Additionally, the transmission spectra are observed around 1233 — 1253 cm™! which
caused by the B-O-B stretching vibrations of polymerized BO3 groups (Nazrin et al., 2018;
Pach-Zawada et al., 2021). The transmission band is presented around 1327 — 1343 cm’!
can be ascribed with the trigonal B-O bond stretching vibrations that existed in the isolated

trigonal BO; structural units. Finally, the transmission band is observed around 1388 —
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1410 cm can be associated with the trigonal B-O bond stretching vibrations of BOs

structural units from various kinds of borate groups.

The inexistence of ZnO in the transmission band proved that the zinc lattice is
completely broken down after the glass formation. Moreover, the inclusion of small
proportion of ZnO modifier into the glassy matrix system, may break the Te-O-Te and Te-
O-B bonds and thereby, introduces the coordination effects known as dangling bonds (Te-
O...Zn*"...0-Te), which attributes to formation of TeOj structural units and the decrease
of TeOs structural units (Kaur et al., 2021). Nevertheless, the absence of Er-NPs in the

transmission spectra signifies a low concentration of dopant ions which is unable to detect

by the device.
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Figure 4.5. FT-IR spectra of ZBTEr (NPs)-uncoated glasses
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Table 4.3

Assignments of transmission bands of ZBTEr (NPs)-uncoated glasses

No. Band positions (cm™) Assignments

1 642 637 633 637 645 645 TeOs; functional groups
with the existing of TeO
and TeO™ bonds (Kaur et

al., 2021)

2 1226 1223 1225 1227 1226 1223 Stretching vibrations of
trigonal B-O bond in BO3
tetrahedra including, the
linkage of oxygen between

various groups (Le$niak et

al.,, 2019)

3 1348 1345 1334 1341 1338 1331 Stretching vibrations of
trigonal B-O bond in
isolated (BOs3)* structural
units from borate groups
(metaborates, pyroborates,
and orthoborates) (Lesniak

et al., 2020)
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4.2.5 High Resolution Transmission Electron Microscopy Analysis of ZBTEr (NPs)-
uncoated Glass
The particle size analysis was utilized by the HR-TEM technique to determine the particles
size and the growth of nano-size particles after the glass formation process, as presented in
Figure 4.6. The HR-TEM image clearly shows the appearance of different sizes of Er-NPs
after the glass formation with an average diameter ranging from ~25 nm and ~30 nm. The
particle size was found to increase in size compared to the size of Er-NPs before the glass
formation in approximately ~15 nm. Apart from that, the nanoparticles exist in three-
dimensional spherical shape structures which confirmed a good distribution of erbium

particle size in the tellurite glass system.

The growth of particles size in the glass materials can be correlated to the effect of
high temperature during the glass melting process. Therefore, it was proposed that the
melting temperature may reduce the nanoparticles agglomeration. The introduction of
thermal energy to the smaller particles via the surface diffusion leads to the assembly of
free energy minimization (Yao et al., 1993). Consequently, the appearance of different
nanoparticles size was influenced by several factors including, high thermal energy, growth

mechanism, and nucleation (Liu et al., 2022).
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Figure 4.6. TEM images of the ZBTEr (NPs)-uncoated glass matrix displaying Er (NPs)
distribution at 0.05 mol% Er>O3 NPs concentration with the magnification of 150 K X

Meanwhile, the characteristics of nanoparticles image after the glass formation may
be associated with the grain growth by the high temperature of the heat energy during the
melt-quenched process and thereby, promoting the tendency of smaller particles to dissolve
and transform into bigger particles (Greenwood, 1956). Additionally, Figure 4.7 illustrates
the increasing size of nanoparticles which relates to Ostwald’s ripening effect whereby, the
small particles are dissolved and transformed to be larger particles during the glass

formation (Yusof, Ghoshal, & Azlan, 2017).
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Figure 4.7. The possible mechanism of growth of nanoparticles in the ZBTEr (NPs)-
uncoated glass matrix system whereby, (a) stage 1 indicates the assembly of differently
sized particles, (b) stage 2 shows the particles exchange into atoms to form the bigger
particles, and (c) stage 3 presents the formation of a bigger particle through Oswald’s
ripening effect

4.3 Structural Properties of Reduced Graphene Oxide-coated Tellurite Glass
Doped with Erbium Nanoparticles (ZBTEr (NPs)-rGO)

4.3.1 Field Emission Scanning Electron Microscopy and Energy Dispersive X-ray
Analyses of ZBTEr (NPs)-rGO Glass

Morphological and microstructure properties of the prepared ZBTEr (NPs)-rGO glasses

were studied by scanning electron microscopy (SEM), as depicted in Figure 4.8 (a) — (d),

respectively. The observations were successfully obtained for the rGO coating layers on

the tellurite-based glass surfaces. It can be seen from the Figure 4.8 (a) that there are

formation of wrinkles, folded regimes, and agglomerated layers surrounded by the thin
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rGO nanosheets. Additionally, these results proved that the reduced graphene sheets are
relatively large in structure despite the nanosheets, promoting the rippled and entangled
existing in each rGO layer (Sharma et al., 2020). Moreover, the rGO flakes are unevenly
distributed over the glass surfaces which indicates a high content of rGO accumulated in a
specific region due to the uncontrolled spray coating technique and thereby, resulting in

highly dense agglomerated nanostructures.

Other than that, it can be observed that the GO nanosheets are well intercalated in
the electrolyte solution to form a stable dispersion in the initial oxidation process which
greatly affects the high-quality rGO, as previously described in subsection 3.3. These
observations could be accounted with the addition of hydrazine hydrate as a role of
reducing agent which removed some amount of oxygen-containing functional groups
located on the basal plane of sp* carbon due to the weakest van der Waal’s forces and
interactions with other nanosheets (Al-Gaashani et al., 2019). Consequently, the lamellas
structures of rGO nanosheets are found to be highly aggregated together with the existing
small crumpled features and wavy-like structures which represent the separated graphitic

rGO nanosheets during the successful reduction process, as demonstrated in Figure 4.8 (¢).

Meanwhile, Figures 4.8 (b) and (d) reveal the individual sheets whereby, the
smooth surfaces resemble flower petals-like structures. These results clearly proved that
the GO nanosheets are grown randomly onto the tellurite-based glass surfaces which
depends on the spreading rate of irregular rGO distribution via a simple spray coating

technique. Additionally, Figure 4.8 (d) shows the appearance of very thin and bright layers
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on the glass surfaces as these characteristics were believed due to the well-dispersed of
rGO throughout the electrochemical reduction process and thus, rGO nanolayers were
obviously seen to be visible and transparent. Therefore, the morphological analysis briefly
displays that the ZBTEr (NPs)-rGO glasses are completely fulfilled with layers of rGO

structures.
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Figure 4.8. SEM micrographs of the ZBTEr (NPs)-rGO glass showing the different of rGO
structures at 0.03 mol% Er>O3 nanoparticles concentration with the magnification of (a) 50
KX, ()-(c)30K X, and (d) 70K X

Figure 4.9 shows the schematic illustration of the rGO coating layer attached to the
ZBTEr (NPs) glass surfaces which can be associated with a high distribution of rGO that
is totally covered on the glass surfaces. Furthermore, it can be clearly visualized from SEM
images that the rGO nanolayers are strongly bonded on the glass surfaces, suggesting that
the influence of rGO coating on the glass matrix system may correlate to the availability
of oxygen-based functional groups and hence, promote a stronger interaction bonding

between rGO and tellurite-based glass surfaces.
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Figure 4.9. Schematic illustration of rGO layer-coated onto the ZBTEr (NPs) glass surfaces

Regarding the morphological properties of the ZBTEr (NPs)-rGO glasses, it is
important to further prove the existence of rGO layers attached to the glass surfaces and
thus, these findings were supported by the EDX analysis in order to investigate the possible
elemental composition of the synthesized rGO sample. Therefore, the respective weight
and atomic percentages of the existing elements are summarized in Table 4.4 through the
EDX scan which was carried out randomly on any region area of the rGO sample, as

indicated by spectrum 1 and 2, respectively.

Figure 4.10 (a) — (b) depicts the obtained EDX spectra which clearly confirmed that
the rGO sample was composed of several possible elements including, carbon (C), nitrogen

(N), oxygen (O), sodium (Na), and sulphur (S) with respect of different SEM
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microstructures. These results demonstrated that the presence amount of C element
exhibited the highest weight percentage estimated at approximately ~2.530 to 5.400 wt %
with 0.100 M SDS-rGO concentration of the synthesized rGO sample. Afterward, the
weight percentage of the O element was achieved around ~1.190 wt % at spectrum 2 which
was found higher than spectrum 1 in which the O element content was around ~0.220 wt %,
respectively. Consequently, the amount of O element decreased which was due to the fact

that a reduction process takes place from GO into rGO solution.

Furthermore, it can be noticed that the amount of Na element was found higher
about ~0.210 wt % at spectrum 2 compared to spectrum 1 about 0.030 wt % meanwhile,
the presence of S element containing the weight percentage of 0.330 wt % at spectrum 2
which found higher than the weight percentage of 0.100 wt % at spectrum 1, respectively.
The presence of the N element shows the weight percentage around ~0.590 to 0.910 wt %
existing in the rGO sample can be correlated to the electrochemical reduction of GO which

was obtained using the reductant agent of hydrazine hydrate which acts as a key element.

Prior to the results of EDX elemental composition as presented in Figure 4.10, the
observations of EDX maps for all the possible elements such as C, N, O, Na, and S were
required in order to further confirm the existence of these elements that exist in the rGO
solution, as depicted in Figure 4.11 (a) — (e). As a result, these findings relatively prove a
good agreement with the weight percentages of element’s content. Therefore, it can be

concluded that the incorporation of rGO by the presence of all elements in this work.



150

(@
C
N
o Na S
c (b)
N
o Na S

Figure 4.10. The EDX spectra with supported microstructure images of the ZBTEr (NPs)-
rGO glass surfaces followed by two different regions at (a) 25 um and (b) 10 pm



151

(a) CKal 2 (b) NKal 2

25 um

(c) OKal 2 (d) Na Kal 2

25 um

(e) S Kal 2

25 Hm

Figure 4.11. The EDX elemental mappings of (a) carbon (C), (b) nitrogen (N), (c) oxygen
(0), (d) sodium (Na), and (e) sulphur (S) with the magnification of 20 K X
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Table 4.4

The weight and atomic percentages, % of elements content with the different spectrum of
rGO solution sample

Regions Elements Weight % Atomic %

Spectrum 1 CK 2.530 77.770
NK 0.590 15.430

OK 0.220 5.160

Na K 0.030 0.520

SK 0.100 1.120

Spectrum 2 CK 5.400 73.960
NK 0.910 10.640

OK 1.190 12.230

Na K 0.210 1.490

S K 0.330 1.690
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4.3.2 Micro-Raman Analysis of rGO

Further structural investigation, micro-Raman spectroscopy was employed to investigate
the materials by virtue of characteristics vibrational modes and particularly, the removal of
functional groups of the materials substantially change the vibration mode of the materials
(Sharma et al., 2019). According to Figure 4.12 and summarized data in Table 4.5, it can
be seen that the presence of two prominent characteristics peaks of GO and rGO sample,
namely, the defective mode (D-peak) and graphitic mode (G-peak), which was located in
the range of 1353 — 1346 cm™ and 1600 — 1603 cm’!, respectively. The appearance of the
D-peak can be correlated to the structural defects including, band-length disorder, band-
angle disorder, edge defects, and dangling bond meanwhile, the G-peak can be associated

with the vibration of sp? carbon atoms that exist in the plane (Wang et al., 2020).

In addition to the obtained Raman spectra, it can be clearly seen that the G-peak of
GO approximately ~1600 cm™ and D-peak about ~1353 cm™ meanwhile, the G-peak of
rGO was appeared at around ~1603 cm™ and D-peak around ~1346 cm’', respectively.
Generally, the reduction process of GO into rGO had caused the change in shift of G-peak
which was observed from 1600 cm™ to 1603 cm™. This change may be correlated with the
removal of functional groups of graphene hexagonal sheets from sp® to sp* hybridization.
Besides that, there is a shift observed for D-peak from 1353 cm™ to 1346 cm™ which
correlates to the attachment of functional groups that create the imperfection in the
nanosheet structure. The process of removal the oxygen functional groups which alter the

graphene shape from hexagonal to pentagonal nanostructures was attributed to the shift in



154

the D-peak of rGO during the reduction process and thereby, suggesting a low quantity of

oxygen atoms in the rGO sample (Liu & Speranza, 2021).

Furthermore, the intensity ratio of D and G peaks (/p/Ic) can be determined to reveal
the degree of disorders and defects in the carbon-based materials (Wang et al., 2020). As
can be seen from the micro-Raman spectra, it can be clearly observed that the calculated
value of the I/l ratio of pristine GO is 0.87 meanwhile, the Ip/Ic ratio of rGO produced
after the reduction process was found to decrease at approximately 0.82. In the case of the
GO sample, the low intensity of GO production via an electrochemical exfoliation
technique indicates the low amount of GO which resulted from the high agglomerated
layers diffused during the intercalation process. Additionally, the increment in the Ip/Ig
ratio of GO was attributed to the GO-functionalization assisted with the sodium dodecyl
sulphate (SDS) surfactant which in turn restores the sp® domain of GO nanostructures
during the oxidation process (Nurhafizah et al., 2020). Consequently, these results
confirmed that the GO production is well-stabilized assisted by a commercially SDS
surfactant during the electrochemical exfoliation process and thus, leads to the higher

content of functionalized groups that existed in GO nanosheets.

Meanwhile, the decrement in the /n/Ic ratio of rGO ascribes to the lower number of
defects in the rGO nanostructures through the breaking up of GO nanostructures that
distorted the sp* graphitic domains during the chemical reduction process. Additionally, it
was believed that the addition of hydrazine hydrate into the GO solution may remove

several oxygen-containing functional groups that existed in GO structures when the
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reduction process takes place. Furthermore, it can be observed that the rGO exhibits is
relatively lower intensity of D-peak, as compared to GO which implies more disordered
carbon nanostructures. Due to these, the obtained intensity is attributed to the formation of
decreased size of in-plane sp? domains which acts as the disordered carbon during the GO

reduction process (Fang et al., 2019).

Moreover, the graphitic changes in GO nanostructures cause more agglomeration
and aggregation formation, which is confirmed by SEM analysis, as has been stated in
subsection 4.3.1. Other than that, the low number of defects in the rGO sample assisted
with the high stabilization role of the reducing agent may be correlated to the distance
between two neighbour defects of graphitic nanostructures. As a result, several ionic bonds
are broken due to the removal of oxygen-containing functional groups during the reduction

approach which in turn introduces structural defects (Wang et al., 2020).

Usually, the Ip/Ig ratio was observed to be less than 1 for GO and rGO which relates
to the formation of partially ordered structures in the GO reduction. These findings were
in good agreement with the previous studies (Ikram et al., 2020; Mandal et al., 2019;
Sharma et al., 2020) whereby, the /p/Ig ratio of rGO is found to decrease compared to the
Ip/lG ratio of GO and thereby, indicating to the introduction of lesser defects on the rGO

surfaces.
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Figure 4.12. Micro-Raman spectra of GO and rGO with supported microstructure image
of the ZBTEr (NPs)-rGO glass surfaces at 50 um

Table 4.5

Micro-Raman peaks position and Ip/Ic ratio of GO and rGO solution samples

Samples D-peak G-peak Ip/Ig ratio
(cm™) (cm™)
GO 1353 1600 0.87

rGO 1346 1603 0.82
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4.4 Optical Properties of Reduced Graphene Oxide-coated Tellurite Glass Doped
with Erbium Nanoparticles (ZBTEr (NPs)-rGO)

4.4.1 Optical Absorption Spectra

UV-Vis spectroscopy was conducted to investigate the characteristics of glasses by
identifying the optical properties of the ZBTEr (NPs)-rGO glasses system. The optical
absorption occurred in glass materials which are categorized into two-processes known as
emission and absorption that are taking place in an atom (Morigaki & Ogihara, 2006;
Zimmermann, 2010). The emission process indicates the photons which have been released
as the atom move to a lower energy level and the atom emits the light after being heated or
excited at the high state level. Meanwhile, the absorption occurs when the electron absorbs
the photon energy that may cause the electrons to gain their energy and thus, those electrons

may be able to jump into a higher state of energy level.

Figures 4.13 and 4.14 depict the typical optical absorption spectra of ZBTEr (NPs)-
rGO and ZBTEr (NPs)-uncoated glasses obtained in the range 0f400 — 1200 nm at different
concentrations of Er’" nanoparticles with the existed absorption bands in various
wavelengths. Generally, it can be clearly observed from both figures that the peaks are
recognized to the existence of 4/-4f transition in the ground state level, *Gy1 respected to
the characteristics of Er** ions to the range of various excited states level (*Hop, *Fss2, “F72,
2Hi1, *S312, “Fon, “11112, and *Io/2) which correspond to the absorption positions of 487, 522,
550, 652, and 980 nm, respectively. The strong edge localization in graphene

nanostructures could be attributed to the strong electron-phonon coupling which ascribes
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to the level of oxygen reduction in the rGO nanosheets (Lundie et al., 2015). Other than
that, it can be noticed that both absorption spectra have the similar characteristics in which
the optical absorption edges are not clearly clarified from these absorption bands which
was subjected to the existence of the structural disorder and amorphous in nature of glasses.

These results were proved by the XRD pattern in subsection 4.2.3.

The shift in the optical absorption peaks of ZBTEr (NPs)-rGO glasses system
occurs due to the decreasing amount of oxygen functional groups which weakens the
interlayer coupling between the rGO nanolayers and thus, causes the electrons to easily
excite at the lower energy (Muruganandi et al., 2018). The deoxygenation upon the GO
reduction is caused via the decrement of disorder-induced states within m-n* gaps.
Consequently, these results could be attributed to the improvement of optical absorption
spectra in the ZBTEr (NPs)-rGO glasses system and hence, leading to the strong bonding

between the rGO coating layer and tellurite glass surfaces.

As can be referred from Figures 4.13 and 4.14, the absorption bands of the ZBTEr
(NPs)-rGO glasses are more intense than ZBTEr (NPs)-uncoated glasses. The red shift of
the absorption band can be clearly seen in the ZBTEr (NPs)-rGO glasses compared to the
ZBTEr (NPs)-uncoated glasses. These trends can be correlated to the existence of sp?
carbon content and the reduction of oxygen groups, which agrees well with the micro-
Raman analysis (refer to subsection 4.3.2). In addition, the absorbance peak of the ZBTEr
(NPs)-rGO glass was found to be lower compared to the ZBTEr (NPs)-uncoated glass

which corresponds to the higher absorption peaks due to the existing n-n* transition of
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aromatic C=C bond (Abid et al., 2018; Khan et al., 2016). Furthermore, the improvement
in the optical absorption was correlated to the functionalization of rGO whereby, the atoms
considerably show the tendency to absorb the photon energy under the UV light absorption.
In particular, the photon energy can be considered to successfully attribute to enhance the
optical properties of the glass materials. In fact, it can be noted that the rGO coating on the
ZBTEr (NPs) glass surfaces causes the alteration of electronic states which was due to the
restoration of electronic conjugation within the rGO nanosheets during the reduction

process.

The improvement in optical absorption reduces the optical absorbance of the
ZBTEr (NPs)-rGO glasses which was due to the synergic effects of rGO nanostructures
through the formation of sp? clusters carbon domains resulting from the removal of oxygen
contents in rGO and due to the exciton peak, n-n* transition of C=0O bond, and n-m*
transition of C-C bond that exists in the GO graphitic material (Jia et al., 2018; Labhane
etal., 2016). Specifically, the increased amount of sp* hybridized carbon atoms remarkably
promotes the tuning of optoelectronics properties of the glass material such as optical

bandgap energy (Sreeja & Anila, 2019), which will be discussed in the subsection 4.4.2.

In summary, it can be summarized that the optical absorption band was increased
for the ZBTEr (NPs)-rGO glasses which clearly revealed the strong interaction between
the rGO coating layer and tellurite-based glass surfaces. The influence of rGO coating on
the ZBTEr (NPs) glasses system demonstrates the increased optical properties which

beneficial for photonic applications such as optical switching devices.
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Figure 4.14. Optical absorption spectra of ZBTEr (NPs)-uncoated glasses (Azlan,

Halimah, Shafinas, et al., 2015)
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4.4.2 Optical Bandgap Energy

Further optical properties of the ZBTEr (NPs)-rGO glasses were investigated to identify
the optical bandgap energy based on the Tauc’s plot, known as a plotted graph of photon
energy, ho against optical bandgap energy, aho, as shown in Figure 4.15. The optical
bandgap energy of the ZBTEr (NPs)-rGO glasses can be estimated from the absorbance
spectra, which firstly extrapolates the linear portion of the curves to the intercept of hw

located on the x-axis and gives the value of optical bandgap energy, E,,; by using the given

Equations 2.10 and 2.11, as has been stated in subsection 2.13.2.

According to Figure 4.16 and summarized data in Table 4.6, it can be clearly
observed that the calculated optical bandgap energy value of ZBTEr (NPs)-rGO glasses
was found to decrease in the range of 1.913 — 2.980 eV compared to the ZBTEr (NPs)-
uncoated glasses. Consequently, it was noticed that the deposition of rGO nanostructures
onto the glass surfaces alters the bandgap energy of ZBTEr (NPs)-rGO glasses which due
to the photon absorption transitions in C=0 (n-n) and C=C (n-n*) states that exists in the
rGO graphitic materials, respectively (Sreeja et al., 2017). These results can be ascribed to
a shift of absorption band which relatively demonstrated the influence of the rGO coating

layer on the tellurite glass surfaces, as proved in the previous subsection 4.4.1.
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concentration for ZBTEr (NPs)-uncoated and ZBTEr (NPs)-rGO glasses
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Table 4.6

Comparison of optical bandgap energy (Eyp,:) value between ZBTEr (NPs)-uncoated and
ZBTEr (NPs)-rGO glasses

Er03 nanoparticles concentration Optical bandgap energy, E,p; (€V)
(mol%) (+0.100)

ZBTEr (NPs)-uncoated

0.005 3.882
0.010 3.876
0.020 3.870
0.030 3.860
0.040 3.850
0.050 3.840

ZBTEr (NPs)-rGO

0.005 1.913
0.010 2.537
0.020 2.370
0.030 2.624
0.040 2.980

0.050 2.931
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Generally, the optical bandgap energy of the ZBTEr (NPs)-rGO glasses was lower
than the ZBTEr (NPs)-uncoated glasses, indicating the introduction of a high amount of
sp* hybridized carbon atoms in the rGO nanostructures resulting from reduction process
(Aradhana et al., 2018). As the incorporation of rGO onto the tellurite-based glass surfaces,
the optical absorption spectra are shifted which indicates the strong bonding interaction
between the rGO coating layer and glass material and thereby, may attribute to the
decreasing trend in optical bandgap energy value of ZBTEr (NPs)-rGO glasses, as

comparable to the ZBTEr (NPs)-uncoated glasses.

Additionally, it can be noticed that the deposition of rGO on the ZBTEr (NPs) glass
surfaces exhibited a strong interaction for the improvement of optoelectronics and
photonics applications since it has a tunable bandgap which in turn decreases the optical
properties. As a result, the improved value of optical bandgap energy of the glass system
can be undoubtedly assigned to the m-n* allowed transitions between the valence and
conduction bands with the assisted of functionalized rGO and thus, resulting in the wide
bandgap energy semiconductor glass material (Arranz-Mascards et al., 2020; Sreeja &
Anila, 2019). The primary mechanism of the excitation principle takes place in the presence
of photons with the bandgap energy as well as, electrons generated in the valence band, as

shown in Figure 4.17.
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Figure 4.17. The possible mechanism of photon excitation on the ZBTEr (NPs)-rGO glass
system with the presence of UV light leading to the excitation of electrons from valence
band (VB) to conduction band (CB)

Apart from that, the functionalization of rGO surfaces has great potential for
improving the bandgap energy structures of the ZBTEr (NPs) glass system. Particularly,
the combination between the rGO and tellurite-based glass led to achieve the desirable
properties especially, for semiconductor devices. Therefore, it was believed that the effects
of oxygen-containing functional groups including, hydroxyl, epoxide, carbonyl, and
carboxyl that are attached to the precise location of rGO surfaces extremely may involve
in tuning the bandgap energy of the glass material. Remarkably, it can be noticed that the
epoxide functional groups are highly effective in tuning the bandgap energy of the glass
material, as comparable to the hydroxyl groups whereby, these groups are only stable as

an isolated hydroxyl which then preferable to convert into an epoxide group, as previously
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reported by Jin et al., (2020). In contrast, the carbonyl and carboxyl groups were not
significantly attributed to the bandgap opening due to these groups generate more surface
defects which in turn make them less effective in adjusting the bandgap energy. Unlike
hydroxyl groups, the carbonyl and carboxyl structures are predicted to be metastable and
stabilized however, their effects on the bandgap energy are relatively minimal
Consequently, more breaking of aromatic hexagonal carbon-ring structures is required for
the formation of the carboxyl and carbonyl groups which may produce more holes in the

rGO layers and thus, resulting in the wide bandgap opening of materials.

Furthermore, graphene-based materials like rGO have received considerable
attention primarily for potential optical limiting applications due to the behavior of rGO
structures by manipulating the sp? and sp® carbon fractions via a controlled removal of
oxygen groups during GO reduction, which has been proved by micro-Raman spectra in
subsection 4.3.2. Due to these, it can be concluded that the t-conjugation was restored with
a new formation of sp*>-bonded aromatic regions which indicates that an electronically
insulating GO was successfully converted to be a semiconducting material and thus,
transforms into a graphene-like semi-metal which is called the rGO (Aradhana et al., 2018).
Importantly, the potential of rGO is proving itself to be a highly versatile material as the
rGO has a strong influence when combined with the ZBTEr (NPs) glass system. Therefore,
it can be remarked that the rGO has a significant impact in order to improve the optical
bandgap energy of the glass material by deposition of rGO onto the tellurite-based glass

surfaces.
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By knowing the rGO properties, it can be noticed that the rGO should be
predominantly attributed to a wide range of semiconductor applications that enhanced the
optical-related properties as well as, can be used for photonic material including, fiber
optics technology. Nevertheless, the photonic bandgap fiber optics are often exhibiting a
difficulty to produce due to a relatively high energy loss which substantially limits the uses
of fiber optics. Therefore, it is worth noting that the effects of rGO on the tellurite-based
glass surfaces have a possibility to achieve an excellent improvement in the bandgap

energy of the ZBTEr (NPs)-rGO glasses system.

Typically, it can be concluded that the ZBTEr (NPs)-rGO glass with 0.04 mol% of
Er,03 nanoparticles concentration sample possesses a larger bandgap energy value of2.980
eV than the other rGO-coated glass samples, which in turn allows in reducing the high loss
of energy. Besides the optical bandgap energy, the considerable properties of the refractive
index particularly have a correlation with its bandgap energy that strongly influences the
optical properties of glass material, that will be discussed in next subsection 4.4.4. As a
result, this present work particularly anticipated for fabrication of efficient fiber optics as

the ZBTEr (NPs)-rGO glasses improved their optical performance.
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4.4.3 Urbach Energy

The Urbach energy was analyzed as a parameter that relates to the degree of structural
disorder in an amorphous material from the conversion of weak bonds into defects. The
Urbach energy values can be determined by taking the reciprocals of the slopes of the linear
portion based on the plotted graph between log (o) and photon energy, hw curves (refer to

Figure 4.18) by using the given Equation 2.12, as has been stated in subsection 2.13.3.

Figure 4.19 shows the variation of Urbach energy values of ZBTEr (NPs)-rGO
glasses which exhibited in the range of 0.118 — 0.408 eV in which the trend of Urbach
energy was found to increase from 0.005 to 0.02 mol% compared to the ZBTEr (NPs)-
uncoated glasses. Therefore, these results were considered due to the higher number of
defects in the ZBTEr (NPs)-rGO glasses matrix which attributes to an increased content of

non-bridging oxygens (NBOs) (Amjad et al., 2013).

Meanwhile, the Urbach energy values of the ZBTEr (NPs)-rGO glasses were seen
to gradually decrease with the increasing Er,O3 nanoparticles concentration specifically, at
0.04 — 0.05 mol% which indicates the decrease in broadening of static disorder-related
parts (El-diasty et al., 2006). Additionally, the trend of Urbach energy was correlated with
the low level of oxygen atoms and formation of agglomerated nanostructures attached to
the glass surfaces, as has been mentioned in Figures 4.8 (a) and (c), respectively and

thereby, resulting in the lower defects content compared to the ZBTEr (NPs)-uncoated
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glasses. The comparison of Urbach energy value between the ZBTEr (NPs)-rGO and

ZBTEr (NPs)-uncoated glasses is summarized in Table 4.7.

Furthermore, it can be noticed that the Urbach energy value of the ZBTEr (NP)-
rGO glasses was ascribed to the higher tendency of the glass material for the conversion of
the weak bonds into structural defects, which is similar to the ZBTEr (NPs)-uncoated
glasses. Interestingly, the Urbach energy was associated with the phonon-assisted indirect
electronic transition whereby, these phonons assist the existing electrons located in the

indirect transition to move into the conduction band (CB) (Jlassi et al., 2011).

Moreover, the improved value of Urbach energy was suggested to be caused by
several factors, including the strong bonding of rGO bonding interactions between the rGO
coating layer and tellurite-based glass surfaces as well as, inhomogeneity of rGO structures
on the glass surfaces. As a result, it can be summarized that the improvement of Urbach
energy was considered responsible for better bonding interaction between the rGO coating
layer and tellurite-based glass surfaces. Therefore, these findings are confirmed via the

morphological analysis, as has been stated in subsection 4.3.1.
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Table 4.7

Comparison of Urbach energy (AE) value between ZBTEr (NPs)-uncoated and ZBTEr
(NPs)-rGO glasses

Er,03 nanoparticles concentration Urbach energy, AE (eV)
(mol%) (£0.100)

ZBTEr (NPs)-uncoated

0.005 0.265
0.010 0.270
0.020 0.272
0.030 0.273
0.040 0.271
0.050 0.276

ZBTEr (NPs)-rGO

0.005 0.307
0.010 0.383
0.020 0.408
0.030 0.225
0.040 0.143

0.050 0.118
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4.4.4 Refractive Index

The refractive index is a vital measurement that may affect the candela distribution of the
transmitted light and easy to change the intensity of light by improving the refractive index
value of the material. Additionally, the refractive index value was influenced by the
interaction of light with the electrons of constituent atoms of the glass materials (Halimah
et al., 2017) which can be calculated by using the given Equation 2.13, as has been stated

in subsection 2.13.4.

Figure 4.20 shows a plotted graph of the refractive index of the ZBTEr (NPs)-rGO
and ZBTEr (NPs)-uncoated glasses along with the Er,O3; nanoparticles concentration. It
can be clearly observed that the refractive index, n values of the ZBTEr (NPs)-rGO glasses
exhibit an increasing pattern ranging from 2.402 — 2.775, which was found higher than
ZBTEr (NPs)-uncoated glasses. As a result, this trend can be ascribed to the presence of
the rGO layers on the tellurite-based glass surfaces which can be understood in terms of
the rearrangement of oxygen and carbon atoms on the rGO surfaces as well as, the effects
of decreasing of reduction numbers (Antidormi et al., 2020; Minitha et al., 2018). As a
consequence, the restoration of new structures and properties in the rGO material was
obviously caused by the GO reduction process and thus, promoting the less oxygen-
containing functional groups that existed in the rGO surfaces. Hence, these functional
groups attribute to the outstanding properties of rGO, which in turn affects the increasing

value of the refractive index in the glass materials.
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As can be referred in Table 4.8, it can be noted that the rGO coating layers may
increase the refractive index value of the ZBTEr (NPs) glass system which was associated
with the higher number of defects that occurred in the rGO layers. Additionally, these
results corresponded to the high amount of sp? carbon atoms and population redistribution
of delocalized m-electrons resulting from the removal of the oxygen functional groups in
rGO nanosheets which has been proved by Raman spectra (refer to Figure 4.12) and thus,
attribute to the main component of optical non-linearity in the glassy amorphous system
(Omidvar et al., 2018). Notably, the improved value of the refractive index of the ZBTEr
(NPs)-rGO glasses was mainly due to the free carriers belonging to the sp? domain clusters
which are considered responsible for the increase in the optical non-linearity materials

(Jiménez-pérez et al., 2018).

Additionally, the enhanced values of the refractive index for ZBTEr (NPs)-rGO
glasses confirm the formation of localized energy levels between the conduction and
valence bands which may create the free barriers belonging to the sp? electron domain that
exists in rGO nanostructures (Jiménez-pérez et al., 2018). These results were relatively

correlated with the optical bandgap energy value, which has been stated in subsection 4.4.2.

On top of that, the improvement of the refractive index indicates that the rGO layers
attribute in increment the optical properties of glass materials which are useful for fiber
optics technology. In fact, it is crucial that a higher refractive index is beneficial for
manufacturing the fiber core in the optical fiber, and thus, it should be acknowledged that

the addition of rGO as the coating material offers a reasonable performance to be used in
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the fiber core. In the present work, it can be noticed that the ZBTEr (NPs)-rGO glass sample
with 0.005 mol% Er.O3 nanoparticles concentration possesses a value of 2.775 which
clearly shows the highest refractive index value and thereby, shows great potential for high-
performance fiber optics applications. By taking the improvement effects between the rGO
coating layer and tellurite glass surfaces, it is evidence that the ZBTEr (NPs)-rGO glasses
with tunable bandgap energy and refractive index may be highly utilized in the

optimization of fiber optics.
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Figure 4.20. Variation of refractive index as a function of Er,Os nanoparticles
concentration for ZBTEr (NPs)-uncoated and ZBTEr (NPs)-rGO glasses
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Table 4.8

Comparison of refractive index (n) values between ZBTEr (NPs)-uncoated and ZBTEr
(NPs)-rGO glasses

Er,03 nanoparticles concentration Refractive index (n)
(mol%) (£0.100)

ZBTEr (NPs)-uncoated

0.005 1.774
0.010 1.818
0.020 1.830
0.030 1.855
0.040 1.878
0.050 1.924

ZBTEr (NPs)-rGO

0.005 2.775
0.010 2.534
0.020 2.591
0.030 2.506
0.040 2.402

0.050 2.416
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4.4.5 Reflection Loss, Transmission Coefficient, and Dielectric Constant

For further studies of the optical properties of the ZBTEr (NPs)-rGO glassy matrix, some
related optical parameters such as; reflection loss (R;), transmission coefficient (T), and
dielectric constant (€) were calculated by using the given Equations 2.14, 2.15, and 2.16,
respectively, as has been stated in subsection 2.13.5. Additionally, these optical parameters
can be deduced from the refractive index value in which these parameters are significant

in the fiber optics field.

Figure 4.21 shows the plotted graph of reflection loss, transmission coefficient, and
dielectric constant of the ZBTEr (NPs)-rGO glasses along with the concentration of Er,03
nanoparticles. It can be noticed that these optical parameter values were exhibited in a non-
linear trend in which the reflection loss, transmission coefficient, and dielectric constant
value lies in the range of (0.169 — 0.221), (0.638 —0.709), and (5.769 — 7.701), respectively,

as summarized in Table 4.9.

The observed variation of both reflection loss and dielectric constant along with the
concentration of Er,O3 nanoparticles exhibited a decreasing trend which was caused by the
changes in optical absorption of the ZBTEr (NPs)-rGO glasses. Additionally, the
decreasing value of the dielectric constant may be correlated to an increasing value of the

transmission coefficient.
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Figure 4.21. Variation of reflection loss, transmission coefficient, and dielectric constant
as a function of Er.O3 nanoparticles concentration for ZBTEr (NPs)-rGO glasses

Table 4.9

Variation of reflection loss (R1), transmission coefficient (T), and dielectric constant (€)
for ZBTEr (NPs)-rGO glasses

Er,03 nanoparticles concentration Ry T €
(mol%) (£0.004) (£0.005) (£0.129)
0.005 0.221 0.638 7.701
0.010 0.188 0.683 6.421
0.020 0.196 0.672 6.713
0.030 0.185 0.688 6.280
0.040 0.169 0.709 5.769

0.050 0.172 0.707 5.837
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4.4.6 Electronegativity

Further studies of optical properties involve electronegativity which is defined as a vital
concept that relates the chemical bonding and implies valuable applications in estimating

the properties of materials and innovating new materials (Zhao et al., 2008).

The Pauling electronegativity, average electronegativity, and average
electronegativity-based oxide ion polarizability of the TeO,, B203, ZnO, and Er,O; oxides
which constitute the ZBTEr (NPs)-rGO glass system were calculated by using the
Equations 2.17, 2.18, 2.19, and 2.20, respectively which has been stated in subsection
2.13.6 and summarized in Table 4.10. Therefore, these results simultaneously verify a good

agreement with the previously reported studies (Al-Harbi et al., 2021).

Table 4.10

Pauling electronegativity (x;), average electronegativity (x,,), and average
electronegativity-based oxide ion polarizability &y> (Xnay), 1 = 1, 2, 3 of the ZBTEr (NPs)-
rGO glasses

Oxides Xi Xav o> (X1av) o> (X2av) o> (X3av)
TeO, Te=2.100 2.993 2.358 2.295 1.377
B20s3 B =2.040 2.880 2.444 2.334 1.417
ZnO Zn=1.650 2.545 2.698 2.448 1.604
Er,O3 Er=1.240 2.536 2.705 2.451 1.611

0=3.440
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A similar approach was applied to ZBTEr (NPs)-rGO glass system in which the
average electronegativity-based oxide ion polarizability, ay> (xay) values were presented
along with the increase of Er** nanoparticles concentration, as shown in Table 4.11. It can
be clearly observed that the average electronegativity-based oxide ion polarizability values
exhibited the increasing trend along with the increase of Er,O3 nanoparticles concentration
meanwhile, the obtained values of refractive index-based oxide ion polarizability in the
range of 3.254 — 3.669 which was ascribed from the higher refractive index values, as stated
in previously Table 4.8. The increment of refractive index values may be correlated to the
role of the residual amount of oxygenated functional groups that exist in the rGO nanosheet
layers and thereby, may shift the refractive index-based oxide ion polarizability values in

the glassy matrix.



Table 4.11

Average electronegativity (Xqy,), average electronegativity-based oxide ion polarizability, ag> (Xnaw), 1 = 1, 2, 3, and refractive
index-based oxide ion polarizability, ag* (n) of ZBTEr (NPs)-rGO glasses

Er,03 nanoparticles concentration Xav %> (X1av) %> (X2av) %> (X3av) o> (n)
(mol%)
0.005 2.834 2.479 2.349 1.435 3.669
0.010 2.832 2.480 2.349 1.436 3.419
0.020 2.829 2.483 2.350 1.437 3.447
0.030 2.826 2.485 2.352 1.439 3.361
0.040 2.823 2.487 2.353 1.439 3.254
0.050 2.820 2.489 2.354 1.441 3.314

081
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Figure 4.22 shows a least-square plot graph that presents the correlation between
the average electronegativity-based oxide ion polarizability, ay> (X14,) and refractive
index-based oxide ion polarizability, ay>(n) in the ZBTEr (NPs)-rGO glass system. Herein,
the plotted graph from the average electronegativity values was not demonstrated reliable
results. Due to these findings, the correlation between these two variables was improved
as the optical electronegativity is introduced, as summarized in Table 4.12. The obtained
results are more reliable as compared to the average electronegativity values. Hence, these

findings may be considered satisfactory for ZBTEr (NPs)-rGO glasses.
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Figure 4.22. Least square plot of refractive index-based oxide ion polarizability, oy (1)
against average electronegativity-based oxide ion polarizability, ay* (X3qy) of ZBTEr
(NPs)-rGO glasses



Table 4.12

Optical energy bandgap-based optical electronegativity Ax*(E,y), refractive index-based optical electronegativity Ay™* (n),
energy bandgap optical electronegativity-based oxide ion polarizability ay” (Ax*(Eopt)), and refractive index optical
electronegativity-based oxide ion polarizability ay* (Ay*(n)) of ZBTEr (NPs)-rGO glasses

Er,03 nanoparticles concentration A0 (E op) Ax* (n) ao” (A *(Eopt) ao”(dx*(n)
(mol%)
0.005 0.514 0.611 3.037 2.950
0.010 0.682 0.778 2.886 2.800
0.020 0.637 0.735 2.927 2.839
0.030 0.705 0.799 2.865 2.780
0.040 0.801 0.887 2.779 2.702
0.050 0.788 0.875 2.791 2.713

81



183

Other than that, the energy bandgap optical electronegativity-based oxide ion
polarizability, aoz'(Ax*(Eopt)) and energy bandgap-oxide ion polarizability of the ZBTEr
(NPs)-rGO glass system were calculated and illustrated in Figure 4.23. Meanwhile, the
obtained least square plot of ay>(Ay*(n)) in Figure 4.24 shows the high accuracy with the
refractive index data. Therefore, ay>(Ay*(n)) demonstrates reliable results for oxide ion
polarizability as compared to the obtained results of aoz‘(Ax*(Eopt)) which has less
accuracy of fitting in the ZBTEr (NPs)-rGO glasses. The difference between oy (Ay*(n))
and aoz‘(Ax*(Eopt)) could be attributed due to the existence of localized density of states
in the energy bandgap according to Davis-Mott’s theory for the conduction band that exists

in the non-crystalline system (Mott et al., 1972).

3.100
y =0.554x + 1.252

3.050 R?=0.979
R =10.989

3.000

2.950

2.900

2.850

Energy bandgap optical
electronegativity-based oxide ion

2.800

polarizability, ay* (Ax*(E,,))

2750 +———t— 0 b gy
2.700 2.800 2.900 3.000 3.100 3.200 3.300

Energy bandgap-based oxide ion polarizability, o, (Eop)

Figure 4.23. Least square plot of energy bandgap optical electronegativity-based oxide ion
polarizability, o> (Ay* (Eope)) with energy bandgap-based oxide ion polarizability, o>
(Eopt) of ZBTEr (NPs)-rGO glasses



184

3.000 y =0.623x + 0.672

-g — R =0.985
TE S 2900
£ 0=
S22 2850
£5%
g 5 2.800
SE=
- = 0
E %,@ 2.750
o £ &
~ 22 2.700

*g o9

T) 2.650 T T T T T 1

3.200 3.300 3.400 3.500 3.600 3.700
Refractive index-based oxide ion polarizability, o,* (n)

Figure 4.24. Least square plot of refractive index optical electronegativity-based oxide ion
polarizability, ay>(Ay*(n)) with refractive index-based oxide ion polarizability, ay> (n) of
ZBTEr (NPs)-rGO glasses

Apart from that, it can be noticed that the obtained results indicate the stronger
covalency of the ligand bonds which caused by the differences of electronegativity values.
Due to these, the tendency of bonding electrons is attracted towards more
electronegativities between the two atoms of different electronegativities in a covalent

bond.
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4.4.7 Judd-Ofelt’s Analysis

Judd-Ofelt’s intensity parameters known as a numerical integration of corresponding
absorption bands which was employed to determine experimental oscillator strength for
transitions from the ground state *I;s,, to different excited states level (Marzouk et al., 2021)
by using the given Equations 2.24, 2.25, 2.26, 2.27, and 2.28, respectively which has been
described in subsection 2.13.7. Judd-Ofelt’s theoretical study was introduced as a
fundamental stage for the characterization of absorption spectra that has been considered
to identify the intensity of f-f transition in REIs (Judd, 1962; Ofelt, 1962). The great
approach of Judd-Ofelt’s theory allows the estimation of oscillator strengths in absorption
or luminescence, transition probabilities, branching ratios, and radiative lifetime using the
empirical intensity parameters, (. = 2, 4, 6) by fitting the experimental and theoretical
oscillator forces of the stated absorption transitions. According to the obtained absorption
spectra of the ZBTEr (NPs)-rGO glasses (refer to Figure 4.13), the value of experimental
oscillator strength for each observed transition state of excitation can be determined by

analyzing from the area under the absorption bands.

The oscillator strength data provide indirect information on the symmetry and
bonding nature of REIs in the glassy matrix in which the increasing value of oscillator
strength indicates the lower symmetry and thus, attribute to strong covalent nature between
ligand (Awang et al., 2015; Said Mahraz et al., 2015). The calculated and experimental
oscillator strength along with the root mean square deviation values of the ZBTEr (NPs)-

rGO glasses are summarized in Table 4.13. It is clearly stated that the oscillator strength
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showed the highest value for transition band at *I;sp—*Fs; which was correlated to the
most intense than other transitions and obey the hyper sensitive transitions (HST)
(Jorgensen & Judd, 1964). This HST means the band transitions correlating to the Er** ions
nanoparticles which express the sensitivity of oscillator strengths to the environment on
the lanthanide ions and obey the selection rule of | AJ | <2, | AL | <2 and AS =0 (Yusof,
Ghoshal, & Azlan, 2017). The value of oscillator strength of these HST exhibits the
decreasing trend which indicates the presence of higher symmetry along with the
decreasing in covalency between Er** ions and the surrounding ligand with the increment

of Er** ions concentration (Amiar Rodin & Sahar, 2018).

Additionally, the trend of oscillator strength value was due to the intermolecular
interactions of orbitals and reactivity between the rGO sheets (Maslov et al., 2016). The
accuracy of fit between the experimental and calculated oscillator strengths was derived
via root mean square deviation, §,,,s (Marzouk et al., 2021). Thus, the obtained very small
8,ms value approximately in the range of (0.084 —0.567) x 1072 verifies the good agreement

between the experimental and calculated oscillator strengths.



Table 4.13

The experimental (foxy X10°°) and calculated oscillator strength (feu *107°) along with the root mean square deviation

(Sms x10°°) of ZBTEr (NPs)-rGO glasses

ZBTEr (NPs)-rGO glasses

Absorption
transition 0.005 Er NPs 0.010 Er NPs 0.020 Er NPs 0.030 Er NPs 0.040 Er NPs 0.050 Er NPs
Ground state fc‘axp ﬁal féxp f;:a] féxp ﬁa] ﬁ:xp ﬁal féxp ﬁal fc‘exp ﬁal
(“Tisp)

Misn— *Fsp 0383 2.777 0967 0977 1.106 1.120 0.943 1.063 1.259 1.555 1.338 1.841

Misn— *Fon 0.309 0.214 0.210 0.231 0.383 0400 0.383 0.678 0.700 1.159 1.081 1.746
Tisp— *Hup 0381 1.568  0.561 0.553 0.648 0.635 0.703 0.604 1.138 0.882 1.491 1.048

Misn— *San 0.136 0.173 0.221 0.216 0.324 0319 0.648 0.581 0903 0.798 1.255 1.103

150 — *Fon 0.037 0.091 0.081 0.069 0.133 0.122 0.373 0.189 0.639 0.355 0957 0.545
RMS deviation 0.410 0.343 0.567 0.084 0.150 0.224

8rms (<1077

L8I
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Based on the optical absorption bands as stated in Figure 4.13, it is observed that,
for *Tisp—>"izn, *Lisp—lie, *Tise—>'on, *Lisn—*Fon, Tisp—*Szn, *Lisn—?Hiin,
152—*F72, and *1150—2Gop, transitions, the obtained experimental oscillator values are in
good agreement with the calculated values, demonstrating the validity of values of Q,, Q4
and Qs parameters which are estimated from the experimental UV intensities based on the
least-square fitting method, as proposed by Judd-Ofelt’s theory (Marzouk et al., 2021). The
intensity parameters with the spectroscopic quality factor indicate as the fundamental key
in determining the coordination of trivalent Er** ions for ZBTEr (NPs)-rGO glasses, as
shown in Table 4.14. In particular, the € intensity parameter can be associated with the
chemical bonding nature, the polarizability of ligand ions or molecule, symmetry around
the REIs, and covalency of Er-O in the Er*" ions nanoparticles region sites (Bhardwaj et
al., 2014; Tanabe et al., 1992) whereby, it strongly depends on the hyper sensitive
transitions oscillator strength. Meanwhile, the Q4 and ()¢ intensity parameters are
correlated to the long-range order of glasses, which may be referred as the viscosity and
rigidity of glass composition and affect the bonds between ligand atom and Er** ions
(Ahmadi et al., 2016; Krupke, 1966). The Q, intensity parameter is sensitive to the local

structure around the REIs site (Jorgensen & Reisfeld, 1983).

In the present work, it can be seen from Figure 4.25 that the €, parameter possess
the higher value between 0.005 to 0.02 mol% of ZBTEr (NPs)-rGO glasses thus, the Judd-
Ofelt’s intensity parameters indicate the € > Qg > 4 trend uniformly, as reported by
previous reports (Ahmadi et al.,, 2016; Amiar Rodin & Sahar, 2018; Azlan, Halimah,

Suriani, Azlina, Umar, et al., 2019). It should be noticed the strong n-localized states that
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existed in rGO structures disrupted the network of sp? hybridized bonds which influenced
the strong covalency and asymmetry of surrounding ligand bonds around Er®" ions sites.
Furthermore, the Q> values are found to decrease with increasing of Er** ions concentration
from 0.03 to 0.05 mol% of the ZBTEr (NPs)-rGO glasses, as a means of the weaker
covalent bonding of Er** ions ligand bonds. This trend corresponds to the addition of
graphene-based nanomaterials containing several oxidized groups deposited onto glass

surfaces that might attribute to the long-range structural disorder effects.

In addition, the decrement of €2, values can be ascribed that the covalency decreases
and reduction of asymmetry of the local environment around the Er’* ions site. The
decreasing trend of Q, value with the inclusion of Er** ions nanoparticles content can be
observed as reported in the Er**-doped borozincate (Marzouk et al., 2021), Dy*"-doped
tellurite oxyfluoride (Wan et al., 2021), and Er’*"-doped halageno-antimonate (Iezid et al.,
2021) glasses. Meanwhile, the increasing trend of Qs parameter can be assigned to
relatively strong long-range effects, high ionicity, and vibrational amplitude of Er-O bonds

(Azlan, Halimah, Suriani, Azlina, Umar, et al., 2019).

Referring to the theoretical study (Jacobs & Weber, 1976), the intensity of erbium
emission can be expressed by the ratio between Q4 and Q¢ parameters. The spectroscopic
quality factor, y signify the emission strength of lasing properties in the glass matrix system
(Amiar Rodin & Sahar, 2018). As can be referred in Table 4.14, the y value lies in the range
between 0.163 to 0.923 whereby, 0.01 mol% Er*" nanoparticles concentration of the

ZBTEr (NPs)-rGO glass exhibit a maximum value of 0.923, indicating that coated-glass
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can be more promising laser material. However, the lower x value obtained at 0.05 mol%
Er*" nanoparticles concentration of the ZBTEr (NPs)-rGO glass is correlated to the

quenching factor of stimulated transitions intensities (Awang et al., 2015).
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Figure 4.25. Variation of the Judd-Ofelt’s intensity parameters, Q (=2, 4, 6) as a function
of Er,03 nanoparticles concentration for ZBTEr (NPs)-rGO glasses



Table 4.14

Judd-Ofelt’s intensity parameters (Q; x107° cm?) and spectroscopic quality factor, y = 2—4 of ZBTEr (NPs)-rGO glasses
6

Er,O3 nanoparticles concentration Q Q. Qs =4 Q; Trends

(mol%) Qe

0.005 0.422 0.032 0.058 0.570 Q> Q6> Q4
0.010 0.145 0.065 0.070 0.923 Q> Q6> Q4
0.020 0.155 0.068 0.125 0.546 Q> Q6>
0.030 0.098 0.153 0.220 0.696 Q6> Q4>
0.040 0.211 0.128 0.448 0.285 Q6> Qr>
0.050 0.250 0.112 0.685 0.163 Q6> Q> Ly

161
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The integrated absorption bands of each transition can be used as an input data to
study the Judd Ofelt’s analysis of ZBTEr (NPs)-rGO glasses, which is necessary to obtain
the radiative transition probability (4), branching ratio (Sz), and radiative lifetime (¢t,.) for
all the Er’* ions nanoparticles concentration varies from 0.005, 0.01, 0.02, 0.03, 0.04, and
0.05 mol% by using the given Equations 2.30, 2.31, 2.32, 2.33, and 2.34, respectively, as
has been stated in subsection 2.13.7 and the obtained data are summarized in the following
Table 4.15 — 4.20, respectively. Furthermore, the phonon energy of the host glass matrix
determines the radiative properties of the Er’" ions whereby, the higher radiative
probabilities of transitions depend on the lower phonon energy of the tellurite host system

(Lalla et al., 2020).

Branching ratio is defined as the fraction of total photon flux from the upper
manifold to a lower manifold which determines the probability of achieving the stimulated
emission under the suitable excitation (Jlassi et al., 2010; Walsh et al., 1998). The obtained
value of branching ratio relevant for the 2Hy1,—*115,2 transition was determined in the range
of 0.900 — 0.970 for all the ZBTEr (NPs)-rGO (coated) glasses: Er’" jons nanoparticles
concentration, indicates the possibility in obtaining the strong green emission which is
frequently used for laser applications under the stated excitation. On the other hand, these
result was supported in previous studies such as Er** ions nanoparticles doped zinc
borotellurite (Azlan et al., 2019; Azlan et al., 2015), Er**-doped sodium borotellurite
(Amiar Rodin & Sahar, 2018), and Er**-doped oxyfluorogermanotellurite (Zanane et al.,

2020) glasses.
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Meanwhile, the radiative lifetime of the emission bands for the 2Hjin—*lisp
transition of the ZBTEr (NPs)-rGO glass exhibit the range from 0.245 — 0.819 ms which is
lower than other emitting levels. The incorporation of graphene-based nanomaterials
deposited onto tellurite glass surface gives the significant radiative lifetime value which is
strongly linked with the lower amount of oxygen contents that existed in rGO nanosheets.
Moreover, the effect of reduction degree and arrangement of oxygen groups create
difference on the coated-glass performance by a factor of sp?/sp* hybrid ratio. The shorter
radiative lifetime value corresponds to the non-radiative decay process whereby, the
radiative lifetime is ascribed to be proportional to the radiative decay rate (Aarts et al.,
2011). Conversely, the longer the radiative lifetime is observed at *lIo,—*1;s,, transition
which is strongly associated with the radiation trapping effect that occurred in the glassy

matrix (Hamza et al., 2019).
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The magnetic dipole and electric dipole radiative transition probabilities (Aup, Akp),
emission branching ratio (Br), and radiative lifetime (t.) of 0.005 mol% ZBTEr (NPs)-rGO

glass
En0; nanqpartlcles Transition A Awmp Agep Br tr
concentration 21 1
(mol%) (nm) (s) (s) (ms)
0.005 Man—*Nsp 1530 196.120  39.510  1.000 4.244
Mip— *Tizp 2804 38390  6.510 0.418
Tisp 990 62.480 0.582 9.313
Top— *Tip 4168  7.980 0.310 0.158
Tn 1676 18.580  0.354
Tisn 800 25.630  0.488 19.047
Fopn— Top 3771 12.890  2.180 0.036
T 1980  35.580  28.110  0.152
Tzn 1161 18.000  0.043
Misn 660 322200 0.769 2.387
4830 — Topn 1710 18.060 0.029
Tup 1212 12.920  0.021
Mizn 846 172.270  0.280
Misn 545 412220 0.670 1.625
Hi1p— *Fopn 2497 17.330 0.004
Mo, 1502 54.880 0.013
Tup 1104 28.250  0.007
Tisn 792 51.880  0.013
Tisp 522 3932.880 0.963 0.245
Fop— Fopn 1942 2.540 0.002
Ton 1282 43.100 0.040
Tz 980 52.550  0.049
Tisn 726 75.720  0.071
Tisn 493 896.710  0.838 0.934
2Gop — *Frp 2439 6.900 0.005
Hy, 1907 6.920 0.005
“Fop 1081 9.090 0.021
Ton 840 23.560  0.018
T 699 167.340  0.126
Tz 560 684.520 0.514
Tisn 410 414470 0311  0.751
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Table 4.16

The magnetic dipole and electric dipole radiative transition probabilities (Aup, Akp),
emission branching ratio (Br), and radiative lifetime (t.) of 0.01 mol% ZBTEr (NPs)-rGO
glass

Er,03 nanoparticles

. Transition A Amp Agep Br tr
concentration 1 )
(o) mm) ) (D (ms)
0.01 Misn— *isp 1530 149.330  31.860 1.000 5.519
Mip— *Tisn 2804  29.230 5.020 0.465
Tisn 990 39.440 0.535 13.570
Top— *T11p 4168  6.070 0.270 0.114
MTisn 1676 15.600 0.281
Misn 800 33.530 0.604 18.026

“Fop— *lop 3771  9.810 0.560 0.025
T 1980  27.090 18770  0.112

Tzn 1161 15.130  0.037

Tisn 660 336.300 0.825 2.453
4830 — o 1710 16.540  0.032

T 1212 11.030  0.021

Mizn 846 144320  0.279

Misn 545 345340  0.668 1.933
’Hi1p— *Fon 2497 4.200 0.003

Mo, 1502 19.340 0.016

T 1104 14940  0.012

Tisn 792 26.570  0.022

Tisp 522 1155.980 0.947 0.819
Fop— Fopn 1942 1.240 0.001

Ton 1282 32.970 0.033

Tz 980 54.070  0.054

Tisn 726 102.610  0.103

Tisn 493 805.940  0.809 1.003
2Gop — *Frp 2439 2.010 0.002

Hy, 1907 4.370 0.005

“Fop 1081 6.180 0.034

“Top 840 6.900 0.008

T 699 82.090  0.098

Tisn 560 360.690  0.429

Tisp 410 357.060 0.424 1.188
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The magnetic dipole and electric dipole radiative transition probabilities (Aup, Akp),
emission branching ratio (Br), and radiative lifetime (t.) of 0.02 mol% ZBTEr (NPs)-rGO

glass
En0s nanqpartlcles Transition A Amp Agep Br tr
concentration 21 1
(mol%) (nm) (s) (s) (ms)
0.02 Miap— Tsp 1530 159.630  60.080  1.000 4.551
Tip— T3 2804  31.250  9.150 0.355
Tisp 990 73.310 0.645 8.795
Monp— “Tip 4168 6.490 0.460 0.089
Tisn 1676 30.410  0.391
“Tisn 800 40.430  0.520 12.855
“Fop— on 3771 10.490  0.700 0.018
“Tp 1980 28960  35.190  0.104
4113/2 1161 21.260 0.034
Tisn 660 520.100 0.843 1.622
4S30— Mo 1710 29.480 0.029
T 1212 21.190  0.021
Mo 846 283.010  0.280
Misn 545 677.210  0.670  0.989
Hi1p— *Fopn 2497 4.930 0.003
Mo, 1502 28.240 0.019
T 1104 19230  0.013
Tisn 792 38.060  0.026
Misn 522 1394.090 0.939 0.674
4F7p — *Fop 1942 1.650 0.001
Ton 1282 58.810 0.034
Tz 980 78.970  0.046
Tisn 726 118.950  0.069
Tisn 493 1465.550 0.850  0.580
2Gop — 4F1n 2439 2.480 0.002
2H,,, 1907 5.860 0.004
“Fon 1081 9.550 0.020
“Top 840 8.650 0.006
T 699 122.200  0.085
jhm 560 582.630  0.407
Lisp 410 679.540  0.475 0.699
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The magnetic dipole and electric dipole radiative transition probabilities (Aup, Akp),
emission branching ratio (Br), and radiative lifetime (t.) of 0.03 mol% ZBTEr (NPs)-rGO

glass

Er,03 nanoparticles

. Transition A Awmp Agp Br t
concentration (nm) (s‘l) (s‘l) (ms)
(mol%)

0.03 Misn— “Lisp 1530 144.430  92.330 1.000 4.224
Mip— *Tizn 2804  28.270 14.030  0.284

Misn 990 106.650 0.716 6.714
Top— Ty 4168  5.880 0.740 0.051
Tizn 1676 46.750  0.357

Misn 800 77570 0.592  7.638
“Fon— Ton 3771  9.490 0.510 0.010
T, 1980 26200  51.870  0.078
Tizn 1161 35.560  0.035

Tisn 660 883.530  0.877 0.993
4S50 — Mo 1710 47.040 0.030
Tip 1212 32.790  0.021
Mz 846 434240  0.280

Misn 545 1039.100 0.669 0.644
2Hi1p— ‘Fopn 2497 2.920 0.002
Mo 1502 31.740 0.023
Tip 1104 28.100  0.021
M3 792 53.790 0.040

Misp 522 1241.870 0.914 0.736
Fop— 4P 1942 2.300 0.001
Mo 1282 90.510 0.033
“Tir 980 136.180  0.049
Mizn 726 232.970 0.084

Tisn 493 2319.180 0.834 0.360
2Gop — 4F1n 2439 2.200 0.001
2H,,, 1907 9.130 0.004
“Fo, 1081 14.740 0.014
Ton 840 7.770 0.004
Tiup 699 168.340  0.081
Tisn 560 817.820  0.391

Tisn 410 1055.340 0.505 0.479
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Table 4.19

The magnetic dipole and electric dipole radiative transition probabilities (Aup, Akp),
emission branching ratio (Br), and radiative lifetime (t.) of 0.04 mol% ZBTEr (NPs)-rGO
glass

Er,03 nanoparticles

. Transition A Amp Agep Br tr
concentration -1 1
(mol%) (m) (s (s (ms)
0.04 Mizn— *Tisp 1530 127.190  153.350  1.000 3.565
Mip— Tize 2804 24.900 22.690 0.206
Tisn 990 183.160 0.794 4.334
Mop— T 4168  5.170 1.06 0.043
Mizn 1676 79.68 0.545
Tisn 800 60.41 0413 6.834

“Fop— *on 3771 8.360 0.880 0.007
“Tne 1980 23.080  88.760  0.088

Tizn 1161 40.010  0.031

Misn 660 1115.390 0.874 0.783
4S50 — Mo 1710 72.210 0.027

Tip 1212 54.960  0.021

Mz 846 744.620  0.281

Misn 545 1781.790 0.671 0.377
Hy12— *Fopn 2497 5.030 0.003

Mo 1502 51.660 0.028

Tip 1104 30.150  0.016

M3 792 70.810 0.039

Misp 522 1670.420 0.914 0.547
Fop— 4P 1942 2.720 0.001

Ton 1282 143.190  0.035

“Tir 980 158.220  0.038

Mizn 726 163.650  0.040

Tisn 493 3647.400 0.886 0.243
2Gop — 4F1n 2439 3.160 0.001

2H,,, 1907 10.060  0.003

“Fo, 1081 20.000 0.009

Ton 840 11.440  0.003

MTia 699 238.740  0.072

Tisn 560 1262.580 0.382

Tisp 410 1750.420 0.530 0.303
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The magnetic dipole and electric dipole radiative transition probabilities (Aup, Akp),
emission branching ratio (Br), and radiative lifetime (t.) of 0.05 mol% ZBTEr (NPs)-rGO

glass
En0; nanqpartlcles Transition A Awmp Agep Br tr
concentration (nm) (s‘l) (s‘l) (ms)
(mol%)
0.05 Mizp—*isp 1530 129.420 237.460 1.000 2.726
Mip— Tisp 2804 25340 34780  0.174
Tisn 990 284.660  0.826  2.900
Mo — “T11n 4168 5.260 1.570 0.036
Tizn 1676 124.530  0.648
“Tisn 800 60.800  0.316 5.204
Fon— o 3771 8510 1.150 0.005
“Tip 1980  23.480  138.040  0.091
Ti3p 1161 52.290  0.029
Tisn 660 1560.540 0.875 0.561
4S30— Mo 1710 109.130  0.026
T 1212 85.480  0.021
Mizn 846 1166.010 0.281
Misn 545 2790.140 0.672 0.241
Hi1p— *Fopn 2497 6.040 0.003
Mo, 1502 74.790 0.034
T 1104 36.720  0.017
Tisn 792 97.260  0.044
Misp 522 2007.230 0.903  0.450
4F7p — *Fop 1942 3.500 0.001
Mo 1282 217.720  0.035
iz 980 212.260  0.035
Tisn 726 146.460  0.024
Tisn 493 5558.150 0.906 0.163
2Gop — 4F1n 2439 3.970 0.001
2H,,, 1907 12.730  0.003
“Fon 1081 28.450 0.006
Mo 840 14.690  0.003
T 699 338.780  0.068
jhm 560 1869.960 0.375
Lisp 410 2713.430 0.545 0.201
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4.4.8 Luminescence Analysis

Figures 4.26 and 4.27 depict the luminescence spectra of Er*" nanoparticles for ZBTEr
(NPs)-rGO and ZBTEr (NPs)-uncoated glasses which were measured at 375 nm and used
as an excitation wavelength within the range of 500 — 600 nm for the determination of
visible luminescence. It can be seen from Figure 4.26 that there are two prominent emission
peaks are observed at 539 nm and 558 nm which are assigned to *Hiin—*Iis» and
*S3,—"115) transitions, respectively meanwhile, Figure 4.27 shows only one prominent
peak in the range of 550 — 560 nm. Furthermore, Figure 4.26 presents the strongest
emission peak at 558 nm exhibits the highest luminescence intensity in ZBTEr (NPs)-rGO
glasses and hence, it is appropriate for green laser applications (Maheshvaran et al., 2013).
Particularly, the obtained bands are associated with the stark splitting effects which
correlate to the low symmetry of the local environment around the Er** ions nanoparticles

site (Hamza, Halimah, Muhammad, & Chan, 2019; Iezid et al., 2021; Zhang et al., 2018).

As can be referred to Figure 4.26, it can be noticed that the ZBTEr (NPs)-rGO glass
sample with 0.04 and 0.05 mol% of Er.O3 nanoparticles concentration shows a higher peak
intensity than the other concentration of glasses. These results clearly proved by Judd-
Ofelt’s calculation whereby, the observed data of Q; intensity parameters and spectroscopic
quality reveal the enhancement for the ZBTEr (NPs)-rGO glasses than ZBTEr (NPs)-

uncoated glasses.
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In addition, it is found that the inclusion of Er** affects the emission intensity of the
rGO-coated tellurite glasses meanwhile, the shape of emission spectra remains unchanged.
Therefore, it can be noticed that the ZBTEr (NPs)-rGO is more intense than ZBTEr (NPs)-
uncoated glasses. The obtained luminescence intensity is found at the higher concentration
of Er** ions which relates to the luminescence concentration quenching (LCQ) that caused
by the energy transfer (ET) mechanism through the interactions of Er** ions nanoparticles
and OH™ groups in the glassy matrix (Camara et al., 2021). The observed luminescent green
emission peaks of Er’** nanoparticles can be attributed to the visible light emission by

transitions of excited optical centers existing in the deep levels.
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Figure 4.26. Luminescence spectra of ZBTEr (NPs)-rGO glasses
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Figure 4.27. Luminescence spectra of ZBTEr (NPs)-uncoated glasses (Azlan, Halimah,
Suriani, Azlina, Umar, et al., 2019)

The proposed mechanism of luminescence enhancement observed at the 375 nm
excitation is demonstrated by using the schematic energy levels diagram of Er’" ions
nanoparticles, as shown in Figure 4.28. Afterward, the excitation occurs when Er** ions are
promoted to excite from the ground state *I;s to the excited state G112 level by a process
called the ground state absorption (GSA). The excited Er** ions nanoparticles then decay
non-radiatively (NR) whereby, the electrons stored in the *Gi1/ level are populated to the
transition Hos, “Fsp, and “F7, levels via multi-phonon relaxation (MPR) process. The
electrons occupied at the *F7 level are then relaxed non-radiatively and populate to the
next lower 2Hj i level whereby, the present state is related to the thermal equilibrated
population with the excited state “S3» level (Balda et al., 2016; Guo et al., 2020). Thereafter,
it was followed by the electrons at the excited state of Hji2 + #S32 levels are eventually

decayed radiatively (R) to the ground state “I;sp, resulting in the intense green emissions
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at 539 nm and 558 nm, respectively. However, it is observed from Figure 4.26 that there is
absence of a red emission peak in the present ZBTEr (NPs)-rGO glasses along with the
increase of Er’* ions nanoparticles. This may be due to the effect of the low concentration
of Er,03 nanoparticles in the glassy matrix system. A similar report to the ZBTEr (NPs)-
rGO glasses relates the 385 nm excitation wavelength and emission range for Er**-doped

tellurite-based glasses (Azlan et al., 2015).
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Figure 4.28. Schematic energy levels diagram of Er** nanoparticles of ZBTEr (NPs)-rGO
and ZBTEr (NPs)-uncoated glasses
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4.5  Structural Properties of Carbon Nanotubes-coated Tellurite Glass Doped with
Erbium Nanoparticles (ZBTEr (NPs)-CNTs)

4.5.1 Field Emission Scanning Electron Microscopy and Energy Dispersive X-ray
Analyses of ZBTEr (NPs)-CNTs Glasses

The microstructural and morphological properties of the prepared ZBTEr (NPs)-CNTs
glasses were investigated via scanning electron microscopy (SEM), as shown in Figure
4.29 (a) — (d), respectively. It was clearly observed that the CNTs layer was evenly
distributed on the glass surfaces which was due to the relatively high homogeneity of CNTs
dispersion over the whole region on the glass surfaces. Besides, it can be noted that the
interaction between the CNTs coating layer and tellurite-based glass surfaces was probably
stronger than that of ZBTEr (NPs)-uncoated glasses due to the CNTs were successfully

employed the good distribution for all the ZBTEr (NPs)-CNTs glass samples.

Figure 4.29 (a) reveals the microstructure image of highly twisted CNTs deposited
on the ZBTEr (NPs) glass surfaces. From top view observation, it can be seen clearly that
the average diameter of the nanotube was determined to be approximately in the range of
8.6 — 8.8 mm, respectively. Meanwhile, Figure 4.29 (b) shows relatively dense
agglomerated structures of CNTs on the glass surfaces (refer to dotted line rectangle for
clarity). When the CNTs solution was deposited on the glass surfaces, it can be ascribed
that the sodium dodecyl sulphate (SDS) surfactant assists the CNTs to disperse well during
the dispersion process which is caused by the strong repulsion to inhibit the formation of
high CNTs agglomeration (Yanmaz et al., 2021). In addition to this, the inclusion of SDS

into the CNTs solution may considerably reduce the strength of van der Waals attraction
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forces and thereby, demonstrate a stronger bonding interaction between the CNTs coating

layer and tellurite-based glass surfaces.

According to Figure 4.29 (c), it can be noticed that the CNTs deposition onto glass
surfaces was inhomogeneous due to the high chemical stability and strong van der Waals
forces between the nanotubes (Watt & Gerhardt, 2020). The inhomogeneous distribution
of CNTs implied the aggregated nanostructures onto the glass surfaces (refer to dotted line
ellipse). When the aggregation structures were formed onto the ZBTEr (NPs)-CNTs glass
surfaces thus, it was attributed to a low homogenous deformation, and the obtained
individual CNTs that attached on the glass surfaces seemingly to form the folded, unwind

or buckle layers.

Besides, the aggregation structures can be explained by the strength of the van der
Waals interaction forces which are tightly bound together on the glass surfaces (Bodelot et
al., 2019). Nevertheless, the observations mostly accommodate through the aggregation
structures which are noticeable as the homogeneity of CNTs coating layer on the ZBTEr
(NPs)-CNTs glass surfaces, resulting in a strong possibility for potential applications of

glass coatings.

Based on the visual inspection of CNTs layers which tend to attach on the glass
surfaces, the SEM image shows a rougher appearance and randomly oriented CNTs rather
than forming of a uniform surface, as clearly seen in Figure 4.29 (d). As compared to Figure

4.29 (a) — (c), the surface morphology indicates the uneven surface of CNTs with the
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observed several protruded nanotubes that exist on the glass surfaces which can be
associated with the successfully stability and adsorption between SDS and CNTs layers
and hence, encouraging the thickened layers of CNTs structures. Furthermore, the SDS
was the most effective surfactant among other surfactants whereby, the SDS itself may
easily adsorb towards CNTs with the existing polar group protruding network and thus,
resulting to reduce the surface tension between hydrophobic CNTs and water surface
during the dispersion process (Goh et al., 2021). Therefore, it may be concluded that the
effects of SDS influenced the CNTs structures on the coated glass surfaces. Overall, these
results support that the presence of SDS undoubtedly assists the CNTs in improving the
dispersion efficiency which potentially possible to further enhance the new glass coating

performance.

(Continue)
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(Continue)
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Figure 4.29. SEM micrographs of the ZBTEr (NPs)-CNTs glass showing the different of
CNTs nanostructures at 0.04 mol% Er,Os; nanoparticles concentration with the
magnification of (a), (¢) 20 K X, (b) 2 K X, and (d) 50 K X

Figure 4.30 presents the schematic illustration of the CNTs coating layer attached
to the ZBTEr (NPs) glass surfaces which were correlated due to a strong electrostatic
attraction between the SDS-CNTs and tellurite-based glass surfaces. Other than that, it was
believed that the spray coating method helps to attain the close packing of nanotube

structures that are fully occupied on the glass surfaces.
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SDS-CNTs interaction

CNTs coating layer

e ZBTEr (NPs) glass

Figure 4.30. Schematic illustration of CNTs layer-coated on the ZBTEr (NPs) glass
surfaces

Referring to the morphological analysis of the ZBTEr (NPs)-CNTs glasses, it is
important to further confirm the existence of the CNTs layer that is strongly attached on
the glass surfaces and thus, these findings were supported by the EDX analysis for
detection of any possible elements of the prepared CNTs sample. Furthermore, the
respective weight and atomic percentages of the existing elements are presented in Table
4.21 via the EDX scan which was performed randomly on any region area of the CNTs

sample, as shown in spectrums 1 and 2, respectively.

From the EDX spectra in Figure 4.31 (a) — (b), it can be clearly seen that the CNTs
sample exhibited several possible elements including, carbon (C), oxygen (O), and iron

(Fe) with respect to the SEM microstructures. Additionally, it can be noticed that the strong
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peak was attributed to the C element comparable to other elements for both EDX spectra.
The presence of a trace amount of C has the highest weight percentage estimated in the
range of ~18.460 to 21.450 % and subsequently followed by the O element from ~1.740 to
1.830 %, respectively. Meanwhile, the Fe distribution was found higher about ~1.460 %
located at spectrum 1 than spectrum 2, whereby the Fe content was about ~1.020 %,

respectively.

(@)

Fe

(Continue)
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(b)

Fe

Figure 4.31. The EDX spectra with supported microstructure images of the ZBTEr (NPs)-
CNTs glass surfaces followed by two different regions at (a) 5 um and (b) 10 um

According to the results of EDX elemental composition as outlined above, the
observation of EDX maps for all the existing elements such as C, O, and Fe was consistent
with the weight percentages, as illustrated in Figure 4.32 (a) — (¢). Consequently, it can be

confirmed that the existence of CNTs by the presence of all elements in this work.
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(a) CKal 2

(b) Fe Kal 2

(c) O Kal 2

Figure 4.32. The EDX elemental mappings of (a) carbon (C), (b) iron (Fe), and (c) oxygen
(O) with the magnification of 20 K X
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Table 4.21

The weight and atomic percentages, % of elements content with the different spectrum of
CNTs solution sample

Regions Elements Weight % Atomic %
Spectrum 1 CK 18.460 76.770
OK 1.740 5.440
Fe K 1.460 1.300
Spectrum 2 CK 21.450 81.080
OK 1.830 5.200
Fe K 1.020 0.830

4.5.2 Micro-Raman Analysis of CNTs

The micro-Raman spectrum of the pristine CNTs presents three prominent characteristic
peaks namely, the D-, G-, and G’-peaks which clearly presented, as depicted in Figure 4.33.
The D-peak is located approximately at 1346 cm’!, which was attributed to the disorder
caused by the defects. Meanwhile, the G-peak is located approximately at 1579 cm™!, was
due to the in-plane vibration that exists in the graphite lattice (Piao et al., 2021). In addition,
the pristine CNTs exhibit the G’-peak located around 2696 cm™, which is the lower peak

comparable with the D- and G-peaks indicating the higher defects in the sample.
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Based on these results, the intensity was found higher in the D- and G-peaks region
than in the G’ region whereby, the G’ intensity was utilized in order to indicate the
existence of CNTs. Noticeably, the intensities of D-, G-, and G’- peaks are gradually
decreased along with the increase of wavelength in the CNTs sample. Furthermore, the
calculated /n/lg ratio of pristine CNTs shows a higher value of 1.10 which is, conversely
to the previous studies. It was noted that the higher value of the Ip//g ratio demonstrates
the low crystallinity of the sample thereby, may attribute to the presence of the large
amount of amorphous carbon and defects that exist in the CNTs sample. This result
indicates that the poor crystallinity of CNTs resulted from the large agglomeration
produced in the CNTs sample. The micro-Raman peaks position of the as-prepared CNTs

sample is summarized in Table 4.22.

1
1346 i
1579 -

2696

Ip/lc = 1.10 SDS-CNTs

Figure 4.33. Micro-Raman spectra of CNTs with supported microstructure image of the
ZBTEr (NPs)-CNTs glass surfaces at 50 pm
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Table 4.22

Micro-Raman peaks position and Ip/lc ratio of CNTs sample

Sample D-peak G-peak G’-peak Ip/Ig ratio
(cm™) (cm™) (cm™)
CNTs 1346 1579 2696 1.10

4.6  Optical Properties of Carbon Nanotubes-coated Tellurite Glass Doped with
Erbium Nanoparticles (ZBTEr (NPs)-CNTs)

4.6.1 Optical Absorption Spectra

The optical characterization via UV-Vis spectroscopy was carried out to investigate the
optical properties of the ZBTEr (NPs)-CNTs glass matrix. Figure 4.34 shows the typical
optical absorption spectra of ZBTEr (NPs)-CNTs glasses in the range of 300 — 800 nm with
the existing absorption bands in various wavelengths. It can be seen the absorption bands
demonstrated the characteristics of Er** nanoparticles arise from the ground state level to
the level of the excited states. The obtained optical absorption edge is not sharply defined
in the glass matrix system due to the characteristics of the amorphous structural network,
as presented by the XRD pattern (refer to Figure 4.4) which has been described in

subsection 4.2.3.
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The optical absorption spectra of ZBTEr (NPs)-CNTs glasses consist of several
absorption bands which are indicated relatively from the ground state level, *Gyi. to the
several levels of the excited states which are as follows: (*Ho + *Fs2 + *“F72 + 2Hi12 +S3n
+ *Fop + *I112 + *Ior) with the absorption positions of various wavelengths located at 87,
522, 550, and 652 nm, respectively. These results clearly indicated the 4f shell electrons
that are fortified with the outer 55 and 5p bonding electrons and lead to sharp absorption
and emission bands. Furthermore, the characteristics of absorption edge that exists in the
ZBTEr (NPs)-CNTs glass were shifted to the longer wavelength along with the increase of
Er*" nanoparticles concentration and thereby, may lead to less rigidity of the amorphous

glass matrix.

In comparison, the shifted optical absorption spectra of the ZBTEr (NPs)-CNTs
glasses can be ascribed to the effect of the electronic transitions between the two energy
levels whereby, the nanotube functionalization may alter the optical absorption of the
ZBTEr (NPs)-CNTs glasses than ZBTEr (NPs)-uncoated glasses, as shown in Figure 4.35.
In particular, the presence of functionalization via m-m interactions caused by the n-n
stacking that exists on the CNTs and non-polar molecules containing the aromatic rings or
known as C=C bonds may attribute to control the optical absorption characteristics in the
ZBTEr (NPs)-CNTs glasses. Moreover, the strong of n-n electrostatic interactions assisted
with the functionalized CNTs demonstrate the highly favorable as compared to other
interactions which in turn, may attribute to the enhancement of optical absorption in the

amorphous matrix system. The increased interaction energy which was due to the easy
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formation of offset n-m stacking may be considered to achieve the highly covalent bonding

that was composed entirely of sp* bonds that existed on the tubular CNTs.

The association between the CNTs nanostructures and tellurite-based glasses
demonstrates the more n-n stacking and thus, creating a better coating effect on the ZBTEr
(NPs) glass surfaces. Additionally, the photon absorbance of ZBTEr (NPs)-CNTs glasses
was greatly affected by the strong interaction between the graphitic CNTs and tellurite-
based glass surfaces. These results attribute to more photons scattered during the coating
process and thus, loss of more energy was attributed to a shift of absorption spectra of the

ZBTEr (NPs)-CNTs glasses.

Additionally, the performance of ZBTEr (NPs)-CNTs glasses possessed a high
absorbance value which was reasonable due to the influence of intra-band and inter-band
processes that exist in the CNTs nanostructures. Therefore, CNTs are among the promising
materials with their ability especially, to generate high performance of glass coatings

production.

Additionally, the CNTs functionalization was another important factor for the shift
in the optical absorption of the ZBTEr (NPs)-CNTs glasses. These results were indicated
by the van der Waals force which occurs in the electrostatic interaction, the individual
nanotubes are reduced via the functionalization on the surface and thus, these modified
nanostructures of CNTs may attribute to the changes of optical absorption shift in the

ZBTEr (NPs)-CNTs glasses. It was noted that the n-tight bonds attached on the CNTs
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surface can be correlated to improve the optical absorption in the ZBTEr (NPs)-CNTs glass

system.

In summary, it can be noticed that these findings show the improvement in the
optical absorption spectra of the ZBTEr (NPs)-CNTs glasses compared to the ZBTEr
(NPs)-uncoated glasses. Hence, this work demonstrates a good bonding interaction
between the CNTs layer and tellurite-based glass surfaces to further improve the optical

characteristics of the glass materials.
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Figure 4.34. Optical absorption spectra of ZBTEr (NPs)-CNTs glasses
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Figure 4.35. Optical absorption spectra of ZBTEr (NPs)-uncoated glasses (Azlan,
Halimah, Shafinas, et al., 2015)

4.6.2 Optical Bandgap Energy

Further optical properties of the ZBTEr (NPs)-CNTs glasses were studied to determine the
optical bandgap energy via a Tauc’s plot graph consisting of the photon energy, hw against
optical bandgap energy, a’ho as depicted in Figure 4.36. Importantly, the optical bandgap
energy value can be calculated based on the absorbance spectra and thus, extrapolating the
linear part of the curves to obtain the optical bandgap energy value by applying the given

Equations 2.10 and 2.11, respectively which have been described in subsection 2.13.2.

According to Figure 4.37, it was clearly observed that the optical bandgap energy

displayed a non-linear trend along with Er,O3 nanoparticles concentration in the range of
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2.513-2.875 eV. This presented trend can be associated with the shift in optical absorption
by the effects of CNTs nanolayers on top of the ZBTEr (NPs) glass surfaces, as clearly
proved in Figure 4.34. The characteristics of relatively broad absorption of highly quality
CNTs were allowed to investigate the optical bandgap energy in the ZBTEr (NPs)-CNTs

glasses.

In similar work to previous ZBTEr (NPs)-rGO glass system, it can be noticed that
the CNTs nanostructures may efficiently improve the optical bandgap energy value that
exists in the ZBTEr (NPs)-CNTs glasses as compared to the ZBTEr (NPs)-uncoated
glasses. As can be referred to Table 4.23, the improved value of optical bandgap energy
was clearly presented along with the increase of Er.O3 nanoparticles concentration in the
ZBTEr (NPs)-CNTs glass system which can be understood in terms of the structural
rearrangement that takes place as the CNTs layer attached on the glass surfaces.
Nevertheless, the trend of ZBTEr (NPs)-CNTs glass system exhibited a higher optical
bandgap energy value at 0.05 mol% which attributes to a higher content of homogeneity
of CNTs distribution during the spray coating technique. This effect is eventually caused
due to the change of electronic transitions between the valence and conduction band’s

edges from each other and leads to the increment of bandgap energy.
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Figure 4.36. Tauc’s plot of (0hw)'’? against photon energy, Ao of ZBTEr (NPs)-CNTs
glasses
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Figure 4.37. Variation of optical bandgap energy as a function of Er,Os3 nanoparticles
concentration for ZBTEr (NPs)-uncoated and ZBTEr (NPs)-CNTs glasses



222

Table 4.23

Comparison of optical bandgap energy (Eop) value between ZBTEr (NPs)-uncoated and
ZBTEr (NPs)-CNTs glasses

Er,03 nanoparticles concentration Optical bandgap energy, Ep; (€V)
(mol%) (+0.100)

ZBTEr (NPs)-uncoated

0.005 3.882
0.010 3.876
0.020 3.870
0.030 3.860
0.040 3.850
0.050 3.840

ZBTEr (NPs)-CNTs

0.005 2.767
0.010 2.595
0.020 2.568
0.030 2.679
0.040 2.513

0.050 2.875
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Generally, the optical bandgap energy of the ZBTEr (NPs)-CNTs glasses relatively
possessed low bandgap energy values at 0.02 and 0.04 mol% ErOz nanoparticles
concentration due to the lowest absorbance value, as indicated from the previous optical
absorbance spectra (refer to Figure 4.34). Other than that, the high degree amount of CNTs
composition was affected the coated-glass samples which caused by the electronic
interactions between the CNTs and tellurite-based glass surfaces via physical contact. The
previous work showed that the ZBTEr (NPs)-uncoated glasses exhibited a higher optical

bandgap energy ranging from 3.840 — 3.882 eV (Azlan, Halimah, Shafinas, et al., 2015).

In contrast, the reduction of optical bandgap energy in the ZBTEr (NPs)-CNTs
glasses was believed due to the tunable band structures of CNTs which offer the potential
candidates for use in optoelectronic devices (Qian et al., 2020). The calculated optical
bandgap energy values of ZBTEr (NPs)-CNTs glasses can be correlated to the electron-
photon assisted transition with the existing excitons state of nanotubes. These localized
excitons generated with high binding energy acted as electron traps which possibly reduce
the bandgap energy between the conduction and valence bands of the ZBTEr (NPs)-CNTs

glasses, as illustrated in Figure 4.38.

The deposition of CNTs on the ZBTEr (NPs) glass surfaces exhibits the strong
electron-phonon coupling (C-C stretching mode) that contributes high binding energies to
the localized excitons (Perebeinos et al., 2005). This can be ascribed to the electron traps
that filled the conduction band (CB)-valence band (VB) gap with the occupied electrons

and thereby, leading to the closing of the gap, and electrons require less energy to move
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from valence to conduction band. Last but not least, all the ZBTEr (NPs)-CNTs glass
samples induced great optical bandgap energy which attributes to the highly semiconductor

properties of the material.

UV light
UV light

Figure 4.38. The possible mechanism of photon excitation on the ZBTEr (NPs)-CNTs
glass system with the presence of UV light leading to the excitation of electrons from
valence band (VB) to conduction band (CB)

Based on the aforementioned as stated earlier, the chirality and diameter of CNTs
critically influence the optical characteristics in the ZBTEr (NPs)-CNTs glasses whereby,
the specific electronic band structure located at the Brillouin zone (BZ) can be directly
improved the optical bandgap energy through the crossed valence and conduction bands,

resulting to the semiconducting properties (Khosravi et al., 2021). In addition, it can be
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observed that intense optical absorption occurred when the incident photon energy

corresponds to the energy differences between the valence and conduction bands.

The reduction of optical bandgap energy value in the ZBTEr (NPs)-CNTs glasses
can be related to the chemical functionalization of CNTs whereby, the absorbance intensity
of the ZBTEr (NPs)-CNTs glasses improved owing to the strong interaction ability
between the CNTs coating layer and glass surfaces, particularly demonstrating the

excellent stability of the ZBTEr (NPs)-CNTs glass coating.

In conclusion, it can be summarized that the ZBTEr (NPs)-CNTs glass with 0.05
mol% of Er,O3 nanoparticles concentration sample shows a higher bandgap energy value
of 2.875 eV than the other CNTs-coated glass samples. Consequently, the wide-band gap
in the material allows for the reduction of the loss of energy and thus, making it the optimal

material for fiber optics.

4.6.3 Urbach Energy

The Urbach energy, AE can be characterized as a degree of disorderliness in an amorphous
or crystalline solid material (Divina et al., 2019). Particularly, glass materials mostly
possess high Urbach energy values and have the tendency to convert weak bonds into
defects. Therefore, the Urbach energy can be obtained by taking the reciprocal slope of the

linear portion in the lower photon energy based on the plotted graph between the logarithm
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of'absorption coefficient, log (o) and function of photon energy, hw curves (refer to Figure

4.39) by using the given Equation 2.12 which has been described in subsection 2.13.3.

Figure 4.40 shows the variation of Urbach energy value of the ZBTEr (NPs)-CNTs
glasses which demonstrated a non-linear trend ranging from 0.158 — 0.375 eV, which is
higher than the ZBTEr (NPs)-uncoated glasses. As can be seen in Table 4.24, the ZBTEr
(NPs)-CNTs glass at 0.005 mol% of Er.O3 nanoparticles concentration (0.375 eV)
exhibited a higher value of Urbach energy among the other samples which reflects the
growing number of defects and thus, enabling the higher tendency of the glass materials to
change the weak bonds into the structural defects in the ZBTEr (NPs)-CNTs glass system.
Additionally, it can be noted that the high amount of CNTs layers consisting of a large
agglomeration structure on the glass surfaces were possibly affected by the high defects in
the glass matrix, as clearly proved by FESEM analysis (refer to Figures 4.29 (b) and (c)),

respectively as has been stated in subsection 4.5.1.

Other than that, it was revealed that a non-linear trend of the Urbach energy values
along with the increase of Er** nanoparticles of the ZBTEr (NPs)-CNTs glasses can be
correlated to the change in the optical absorption characteristics, which has been presented
in Figure 4.34. Referring to Figure 4.40, it can be clearly seen that the variation of Urbach
energy values can be ascribed to the different number of defects in CNTs layers for the
ZBTEr (NPs)-CNTs glasses surface. As a result, these CNTs layers that are attached to the
glass surfaces consist with a large number of twisted nanotubes and agglomerated

structures which strongly attribute to the high defects in the ZBTEr (NPs)-CNTs glasses.
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Apart from that, the deposition of CNTs onto the ZBTEr (NPs) glass surfaces was
found to enhance the Urbach energy in the amorphous materials which correspond to the
localized band tail states. The existence of forbidden bandgap energy occurred when the
atoms move from one energy state to another energy level between the valence and
conduction bands existing in the optical transitions (Singh et al., 2019). Consequently, it
was found that the increment of Urbach energy value was influenced by the higher degree
of defects of structural bonding and contributed more to the existence of non-bridging
oxygens (NBOs). Thus, it was summarized that the CNTs improve the Urbach energy in
the amorphous materials, resulting in the interaction between the CNTs coating layer and

tellurite-based glass surfaces.
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Figure 4.40. Variation of Urbach energy as a function of Er,O3 nanoparticles concentration
for ZBTEr (NPs)-uncoated and ZBTEr (NPs)-CNTs glasses
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Table 4.24

Comparison of Urbach energy (AE) value between ZBTEr (NPs)-uncoated and ZBTEr
(NPs)-CNTs glasses

Er,03 nanoparticles concentration Urbach energy, AE (eV)
(mol%) (£0.100)

ZBTEr (NPs)-uncoated

0.005 0.265
0.010 0.270
0.020 0.272
0.030 0.273
0.040 0.271
0.050 0.276

ZBTEr (NPs)-CNTs

0.005 0.375
0.010 0.232
0.020 0.340
0.030 0.176
0.040 0.374

0.050 0.158
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4.6.4 Refractive Index

The refractive index data can be used to determine the capability of the glasses in
optoelectronics devices and in various optical applications, specifically in the optical fiber
and laser. Typically, it was found that the refractive index of the ZBTEr (NPs)-CNTs
glasses can be calculated by using the given Equation 2.13 that has been described in

subsection 2.13.4.

Figure 4.41 shows the ZBTEr (NPs)-CNTs glasses exhibited the increasing trend
of refractive index with approximately in the range of 2.432 — 2.542, as compared to the
ZBTEr (NPs)-uncoated glasses. It can be concluded that the CNTs coating may improve
the refractive index value due to the that the light energy was excited by the CNTs coating
layer to the cladding and then, may interact with the glass surfaces thoroughly, which

results in the improvement of refractive index in the ZBTEr (NPs)-CNTs glasses.

Nevertheless, the CNTs coating may absorb more light energy whereby, some of
the light cannot be returned back which limits the interaction between the CNTs coating
layer and tellurite-based glass surfaces and thus, strengthening the refractive index stability
inthe ZBTEr (NPs)-CNTs glasses. According to Zhang et al., (2018), the cladding structure
part in the optical fiber will have the changes of refractive index by affecting the
propagation of light inside the fiber directly, which means that the refractive index of the

multiple modes is changed. These changes may bring the light wave energy to redistribute
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that may cause the movement of the interference spectrum to alter the changes in the

surrounding refractive index.

Meanwhile, the effect of CNTs coating on the obtained data of refractive index of
the ZBTEr (NPs)-CNTs glasses was effectively correlated to CNTs density due to the
highly anisotropic nanoscale structures of CNTs, as tabulated in Table 4.25. The previous
studies reported that many attempts were investigated to control the CNTs density for
modification of refractive index which is useful for further optical applications (Park et al.,
2018). It can be observed that the CNTs have the ability to tune the refractive index value
and thus, leading to a direct proportionality between the refractive index value and density
in the present work. Nonetheless, the relationship was not linearly increase but showed a
slight decrease at 0.05 mol% of Er.O3 nanoparticles concentration, considerably due to the
inhomogeneous top surface morphology of CNTs onto glass surfaces and hence, the
stability of CNTs coating is impressively introduces the changes in the refractive index

measurement.

Moreover, the refractive index was influenced by the high polarity of Er** that
exists in the host TeO» glass network system which breaks up the Te-O-Te bridging bonds
(BOs) into the formation of non-bridging oxygens (NBOs) and structural rearrangement in
the glass lattice network. Thus, the increase of NBOs may create more ionic characteristics
that influences the polarizability of ions and thereby, result in an improvement in refractive

index value (Khan et al., 2019).
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In the present work, it can be inferred that the ZBTEr (NPS)-CNTs glass sample
with 0.04 mol% of Er203 nanoparticles concentration exhibited a highest refractive index
value of 2.542 which can be used for high-performance in fiber optics. Consequently, these
findings show a great improvement in refractive index by strongly interaction bonding

between the CNTs coating layer and tellurite-based glasses.
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Figure 4.41. Variation of refractive index as a function of Er,Os; nanoparticles
concentration for ZBTEr (NPs)-uncoated and ZBTEr (NPs)-CNTs glasses
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Table 4.25

Comparison of refractive index (n) values between ZBTEr (NPs)-uncoated and ZBTEr
(NPs)-CNTs glasses

Er,03 nanoparticles concentration Refractive index (n)
(mol%) (£0.100)

ZBTEr (NPs)-uncoated

0.005 1.774
0.010 1.818
0.020 1.830
0.030 1.855
0.040 1.878
0.050 1.924

ZBTEr (NPs)-CNTs

0.005 2.463
0.010 2.516
0.020 2.524
0.030 2.489
0.040 2.542

0.050 2.432
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4.6.5 Reflection Loss, Transmission Coefficient, and Dielectric Constant

For further studies of the optical properties of the ZBTEr (NPs)-CNTs glassy matrix, the
optical parameters such as; reflection loss (Rz), transmission coefficient (T), and dielectric
constant (€) were calculated from the refractive index value and by using the given

Equations 2.14, 2.15, and 2.16 which has been described in subsection 2.13.5.

As can be referred to Figure 4.42, it can be observed that the variation of reflection
loss, transmission coefficient, and dielectric constant of the ZBTEr (NPs)-CNTs glasses
along with the Er,Os; nanoparticles concentration. Moreover, it can be clearly noted that
these optical parameter values showed a non-linear trend whereby, the reflection loss,
transmission coefficient, and dielectric constant values in the range of (0.174 — 0.189),

(0.681 —0.703), and (5.915 — 6.462), respectively as tabulated in Table 4.26.
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Figure 4.42. Variation of reflection loss, transmission coefficient, and dielectric constant
as a function of Er203 nanoparticles concentration for ZBTEr (NPs)-CNTs glasses

Table 4.26

Variation of reflection loss (R1), transmission coefficient (T), and dielectric constant (€)
for ZBTEr (NPs)-CNTs glasses

Er,03 nanoparticles concentration Ry T €
(mol%) (£0.004) (£0.005) (£0.129)
0.005 0.179 0.697 6.066
0.010 0.186 0.687 6.330
0.020 0.187 0.685 6.371
0.030 0.182 0.692 6.195
0.040 0.189 0.681 6.462

0.050 0.174 0.703 5.915
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4.6.6 Electronegativity

The electronegativity of an atom refers to its relative ability to attract the electrons in a
bond towards itself (Thombre, 2016). The studies on electronegativity become the main
concept in understanding the chemical bond and material properties that can be applied in
any practical application. It is well known that Pauling initially proposed the methods for
the early study concept of electronegativity by which to qualitatively characterize the
transition from ionic to covalent bonds (Pauling, 1932). Afterward, the electronegativities
of the main group elements, such as the concept of average electronegativity were

introduced by Asokamani & Manjula, (1989).

The Pauling electronegativity, average electronegativity, and average
electronegativity-based oxide ion polarizability of the TeO», B2O3, ZnO, and Er,Os oxides
in the ZBTEr (NPs)-CNTs glass system were determined by using the Equations 2.17, 2.18,
2.19, and 2.20, respectively which has been stated in subsection 2.13.6 and tabulated in
Table 4.27. Therefore, these results simultaneously verify a good agreement with the

previously reported studies (Al-Harbi et al., 2021).
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Table 4.27

Pauling electronegativity (x;), average electronegativity (X.,), and average
electronegativity-based oxide ion polarizability &y> (Xnay), 1 = 1, 2, 3 of the ZBTEr (NPs)-
CNTs glasses

Oxides Xi Xav " X1av) % (X2av)  %” (X3av)
TeO> Te=2.100 2.993 2.358 2.295 1.377
B20s B =2.040 2.880 2.444 2.334 1.417
7Zn0O Zn=1.650 2.545 2.698 2.448 1.604
ErOs Er=1.240 2.536 2.705 2.451 1.611

0 =3.440

A similar approach was applied to ZBTEr (NPs)-CNTs glass system whereby, the
average electronegativity-based oxide ion polarizability, ay>(x,y) values were presented
along with the increase of Er’*" nanoparticles concentration, as illustrated in Table 4.28. It
can be clearly noted that the average electronegativity-based oxide ion polarizability values
exhibited the increasing trend along with the increase of Er** nanoparticles concentration
meanwhile, the obtained values of refractive index-based oxide ion polarizability in the
range of 3.332 — 3.403 which ascribes from the higher refractive index values, as stated in
previously Table 4.25. The increment of refractive index values may be correlated to the
high functional groups existing in CNTs nanostructures and thereby, may shift the

refractive index-based oxide ion polarizability values in the glassy matrix.



Table 4.28

Average electronegativity (Xqy,), average electronegativity-based oxide ion polarizability, ag> (Xnaw), 1 = 1, 2, 3, and refractive
index-based oxide ion polarizability, ay> (n) of ZBTEr (NPs)-CNTs glasses

Er,O3 nanoparticles concentration Xav o’ X1aw) o’ Xzaw) ao” Xzav) ag> (n)
(mol%)
0.005 2.834 2.479 2.349 1.435 3.383
0.010 2.832 2.481 2.349 1.436 3.401
0.020 2.829 2.483 2.351 1.437 3.383
0.030 2.826 2.485 2352 1.439 3.348
0.040 2.823 2.487 2.353 1.439 3.403
0.050 2.820 2.489 2354 1.441 3332

8¢C
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Figure 4.43 shows a least-square plot graph that presents the correlation between
the average electronegativity-based oxide ion polarizability, oy>(x14,) and refractive
index-based oxide ion polarizability, ay>(n) in the ZBTEr (NPs)-CNTs glass system.
Herein, the plotted graph from the average electronegativity values does not give reliable
results. Due to these findings, the correlation between these two variables was improved
as the optical electronegativity is introduced (refer to Table 4.29), whereby the obtained
results are more reliable as compared to the average electronegativity values. Hence, these

findings may be considered satisfactory results for ZBTEr (NPs)-CNTs glasses.
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Figure 4.43. Least square plot of refractive index-based oxide ion polarizability, oy (n)
against average electronegativity-based oxide ion polarizability, oy>(xz3ay) of ZBTEr
(NPs)-CNTs glasses



Table 4.29

Optical energy bandgap-based optical electronegativity Ax*(E,y), refractive index-based optical electronegativity Ay™* (n),
energy bandgap optical electronegativity-based oxide ion polarizability aoz'(A)(*(Eopt)), and refractive index optical

electronegativity-based oxide ion polarizability ay’ (Ay*(n)) of ZBTEr (NPs)-CNTs glasses

Er,03 nanoparticles concentration Ax*(Eop) Ax* (n) ao” (Ay*(Eop)) ay” (dy*(n))
(mol%)
0.005 0.744 0.835 2.831 2.749
0.010 0.698 0.792 2.872 2.788
0.020 0.690 0.785 2.879 2.793
0.030 0.720 0.813 2.852 2.768
0.040 0.676 0.771 2.892 2.806
0.050 0.773 0.861 2.805 2.725

0v¢
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Briefly, it can be noticed that a relation subjected to more approximation
comparable to average electronegativity, Zhao et al., (2008) then introduced the concept of
optical electronegativity, A" and suggested the empirical relation for binary oxide glass
by using the given Equations 2.21, 2.22, and 2.23, respectively which has been mentioned
in the subsection 2.13.6. The least-square plot of energy bandgap optical electronegativity-
based oxide ion polarizability, aOQ‘(Ax*(Eopt)), and energy bandgap-oxide ion
polarizability, Ay*(E,,;) of ZBTEr (NPs)-CNTs glass system were calculated and

summarized, as shown in Figure 4.44 and Table 4.29, respectively.

Meanwhile, Figure 4.45 shows the obtained least-square plot of ay>"(Ay*(n)) which
ascribes the high accuracy to the refractive index data. Therefore, oy (Ax*(n))
demonstrates reliable results for oxide ion polarizability as compared results to the obtained
of aoz‘(Ax*(Eopt)) which has less accuracy of fitting in the ZBTEr (NPs)-CNTs glasses.
The difference between > (Ay*(n)) and o> (Ax*(E,p)) could be attributed due to the
existence of localized density of states in the energy bandgap according to Davis-Mott’s

theory for the conduction band that exists in a non-crystalline system (Mott et al., 1972).
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Apart from that, it can be noticed that the obtained results indicate the stronger
covalency of the ligand bonds which is caused by the differences in electronegativity
values. Due to these, the tendency of bonding electrons is attracted towards more

electronegativities between the two atoms of different electronegativities in a covalent

bond.

4.6.7 Judd-Ofelt's Analysis

Judd-Ofelt’s theory is vital in physical chemistry which ascribes the intensity of electron
transitions occur in the 4f'shell of REIs either in the solids or liquids (Marzouk et al., 2021).
By fitting the experimental and theoretical oscillator strength of the absorption transitions,
Judd-Ofelt’s theory offers a great approach for analyzing the oscillator strengths in the
absorption, transition probabilities, branching ratios, and radiative lifetime via the
empirical Judd-Ofelt’s spectral intensity parameters, (. = 2, 4, 6). The experimental
oscillator strength ( fexp) values of each observed transition state of excitation for different
concentrations of Er** ions can be evaluated by analyzing the total area under absorption
band spectra (refer to Figure 4.37) by using the given Equations 2.24, 2.25, 2.26, 2.27, and

2.28, respectively which has been described in subsection 2.13.7.

The experimental oscillator strengths ( fexp) and calculated oscillator strengths (f,4;)

along with the root mean square deviation (&,,,5) values, are summarized in Table 4.30.

The Judd-Ofelt’s analysis of ZBTEr (NPs)-CNTs glasses comprises a higher value of
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oscillator strength which indicates the lower symmetry and thus, attribute to the covalent
nature between Er’* ions at the excited state level of “Fs; transition. These results are
similar to the previous ZBTEr (NPs)-rGO glasses (refer to subsection 4.4.7) due to the
*115n—"Fs)2 transition band demonstrating a highly intense than other transitions which
relate to the hypersensitive transitions (HST) (Jergensen & Judd, 1964). Hence, the known
HST which obey the selection rules of | AJ | <2, | AL | <2, and AS = 0 can be treated as
the characteristics of the host glass network system due to these HST are very responsive
to the environment (Buddhudu & Bryant, 1989; Taherunnisa et al., 2019). Among all the
prepared ZBTEr (NPs)-CNTs glasses, it can be noticed that the highest experimental

oscillator strength ( fexp) value at the 0.02 mol% Er*" ions nanoparticles concentration

which is located in the *I;5,—*Fs), transition band.

Referring to Table 4.31, it is clearly observed that the small values of (&8,,,5)
approximately in the range of (0.025 — 0.700) x 107 represent the reliability of the fitting
procedure and verifies a good quality fit that exists between experimental and oscillator
strengths of Er** jons doped tellurite glasses. Furthermore, these obtained findings were
supported by previous studies such as Er*"/ Tm?'- doped tellurite (Pepe et al., 2019), Er**-
doped oxychloroborotellurite (Sailaja et al., 2021), and Er**-doped borozincate (Marzouk

et al., 2021) glasses.



Table 4.30

The experimental (foxy X10°°) and calculated oscillator strength (feu *107°) along with the root mean square deviation
(Sms x10°°) of ZBTEr (NPs)-CNTs glasses

ZBTEr (NPs)-CNTs glasses
Absorption

transition 0.005 Er (NPs) 0.010 Er (NPs) 0.020 Er (NPs) 0.030 Er (NPs) 0.040 Er (NPs) 0.050 Er (NPs)

Ground state fc‘axp ﬁal féxp f;:a] féxp ﬁa] ﬁ:xp ﬁal féxp ﬁal féxp ﬁal
(“Tisn)

Tisp— *Fsp 1.182 1.001 1.031 1.005 8.804 7.199 1.666 3.938 1.535 2.638 1.126 3.239
Tisn— *Fzn 0.095 0.059 0266 0.166 0.263 0.123 0.391 0.247 0.590 0.395 1.751 1.369
Tisn— *Hiz 0399 0.567 0.550 0.569 2.575 4.077 4376 2232 6584 0.149 3.855 1.852

Tisn—*S3p 0.071  0.079 0.085 0.108 0.256 0.279 0.337 0.384 0.391 0.443 2.064 2.165

RMS deviation 0.057 0.025 0.479 0.700 0.329 0.691
Srms (x1020)

Sve
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According to the obtained optical absorption bands (Figure 4.34) that has been
discussed earlier in subsection 4.6.1, Judd-Ofelt’s theory (Judd, 1962; Ofelt, 1962) was
used in which the experimental and calculated oscillator strengths with a least-square
fitting can be proposed to determine the spectral intensity parameters 2.(t =2, 4, 6).
Additionally, Judd-Ofelt’s intensity parameters may imply analyzing the local network
structure around the REIs (Sailaja et al., 2021). Particularly, the €2, intensity parameter can
be correlated to the glass structure such as the asymmetry of the ligand field inside the host
glass and, is most sensitive to the covalent bonding between REIs and the ligand
environment of the host glass (Pepe et al., 2019). Meanwhile, both the {4 and Qg intensity
parameters are concerned with the rigidity, viscosity, basicity, and dielectrics media in
which these characteristics depict the bond between ligand atoms and erbium ions, as well
as the vibronic transitions around the host amorphous glass matrix (Gaafar & Marzouk,

2017; Jorgensen & Reisfeld, 1983).

In the current work, Figure 4.46 presents a graphical relation between three intensity
parameters (2, Qu, and Q) for the Er’* ions concentration which follows the trend of Q>
Q4> Qs whereby, the higher value of the €, indicates the strong covalency and high
asymmetry of local surroundings of Er** ions sites. The increase of Q, intensity parameter
can be ascribed to the effects of the CNTs coating layer on glass surfaces. Consequently,
these results create the non-covalent functionalization of CNTs caused by the SDS
surfactant (Eom et al., 2019) which resulted from the weak van der Waals and n-n
interactions existing in the CNTs nanostructures and thereby, suggesting to improve the

value of Judd-Ofelt intensity parameters for all the Er** nanoparticles concentration.
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Meanwhile, the lowest value of Q¢ was found to decrease which correlated to the
decrement of rigidity between Er’" ions and ligand bonds. The high functionalization that
existed in CNTs nanostructures promotes to improve the value of Judd-Ofelt intensity
parameters by the factor of the high degree of agglomeration structures (Belosludtseva et
al., 2021; Rathinavel et al., 2021), as proved by SEM and EDX analyses that have been
discussed in the subsection 4.5.1. Nevertheless, it can be noticed at 0.01 mol% Er*" ions
concentration indicates the value of the Q¢ intensity parameter which was slightly increased
than the Q4 intensity parameter. As a result, the glass sample with 0.01 mol% Er** ions
possessed a relatively long-range structural network and high rigidity of the glass matrix
which was strongly affected by the CNTs coating layer onto tellurite-based glass surfaces.
In comparison, the increment of s intensity parameter for the ZBTEr (NPs)-CNTs glass
with 0.01 mol% Er** ions concentration may be correlated to the high functional groups in
CNTs structures and thereby, resulting in the shift of Judd-Ofelt’s intensity parameters

value in the glass matrix.

The spectroscopic quality factor (y) can be identified by using the intensity

parameters ratio of % as proposed by Jacobs & Weber, (1976). As can be referred to Table
6

4.32, the calculated (y) values for all the Er** ions concentration of the ZBTEr (NPs)-CNTs
glass system were found to be in the range of 0.199 to 4.391 whereby, 0.05 mol% Er** ions
concentration for the ZBTEr (NPs)-CNTs glass system exhibited the highest value of
about 4.391, suggesting that the CNTs-coated glass probably gives a high impact on the

emission strength for the laser applications.
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Figure 4.46. Variation of the Judd-Ofelt intensity parameters, € (¢ = 2, 4, 6) as a function
of Er,03 nanoparticles concentration for ZBTEr (NPs)-CNTs glasses



Table 4.31

Judd-Ofelt’s intensity parameter (Q; 10" cm?) and spectroscopic quality factor y = La of ZBTEr (NPs)-CNTs glasses

Qg

Er,03 nanoparticles concentration Q Q. Qs =4 Q; Trends

(mol%) Qe

0.005 0.188 0.036 0.015 2.415 Q> Q4> Q6
0.010 0.187 0.012 0.059 0.199 Q> Q6> Q4
0.020 0.367 0.137 0.033 4.111 Q> Q4> Q6
0.030 0.695 0.186 0.051 3.637 Q> Q4> Q6
0.040 0.412 0.162 0.107 1.507 Q> Q4> Q6
0.050 0.137 0.113 0.026 4.391 Q> Q4> Q6

61¢
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By using the Judd-Ofelt’s intensity parameters, the radiative properties including,
radiative transition probability (A;), branching ratio (), and radiative lifetime (7,.,4) can
be determined for all the Er’" nanoparticles concentration of the ZBTEr (NPs)-CNTs
glasses by using the given Equations 2.30, 2.31, 2.32, 2.33, and 2.34, respectively, as has
been described in subsection 2.13.7 and the obtained data are summarized in Table 4.32 —
Table 4.37, respectively. As can be seen from Table 4.36, the calculated radiative transition
probability (A,4) for *I130—*115, transition of 0.04 mol% Er** nanoparticles concentration
of the ZBTEr (NPs)-CNTs glass system was found in the value of 52.74 s™!, indicating a
higher value compared to the other Er’" nanoparticles concentrations. As a result, the
obtained higher (4,4) value was influenced by the higher refractive index value (2.542) at
0.04 mol% Er** nanoparticles concentration in the ZBTEr (NPs)-CNTs glass system, as
previously stated in Table 4.25. Moreover, it was believed that the higher value of the
refractive index was definitely caused by the increment of the (4,,) value for the ZBTEr
(NPs)-CNTs glass matrix, which is beneficial for achieving the strong characteristics of the

fiber optics.

Branching ratio (fz) refers to the fraction of total photon flux from the upper
manifold to a lower manifold for the determination of the stimulated emission in an
excitation (Jlassi et al.,, 2010; Walsh et al., 1998). The obtained branching ratio at the
2Hy12—*115 transition located in the wavelength of 522 nm, ranging from 0.950 — 0.960
for all the Er** ions concentration of the ZBTEr (NPs)-CNTs glass system. Consequently,
these results are useful for the strong green emission which can be implemented for

continuous laser action.
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The radiative lifetime (7,q4) values of the emission bands for the 2Hii2—*1isn
transition level of the ZBTEr (NPs)-CNTs glass system were found approximately in the
range value from 0.212 — 0.900 ms that caused by the strong effects of the CNTs coating
layer on the glass surfaces. Additionally, the decrement of (7,,4) value correlates to the
non-radiative decay process which is proportional to the radiative decay rate, as reported
by Aarts et al., (2011). Meanwhile, the longer (7,,4) in the ZBTEr (NPs)-CNTs glass
system provides an advantage over the stated transition levels which attributes to the optical
laser and amplifier applications (Zhang et al., 2015). As can be referred to Table 4.32, the
(Trqq) Of the *Hop, transition level was found to be 40.807 ms which demonstrates the
highest value of a radiative lifetime. Consequently, it can be concluded that the (7,,4) of
the *Hon—"I15) transition level at 0.005 mol% Er*" nanoparticles concentration of the
ZBTEr (NPs)-CNTs glass system can be a suitable material for fiber laser due to the longer

emission of a radiative lifetime.



Table 4.32
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The magnetic dipole and electric dipole radiative transition probabilities (Aup, Akp),
emission branching ratio (Pr), and radiative lifetime (t.) of 0.005 mol% ZBTEr (NPs)-CNTs

glass
En0; nanqpartlcles Transition A Awmp Agep Br tr
concentration 21 1
(mol%) (nm) (s) (s) (ms)
0.005 Mian— *Tisp 1530 137.120 7.410 1.000 6.919
Mip— Tisp 2804 26.840  1.380 0.696
Tisn 990 12300 0304 24.682
Top— T11p 4168  5.580 0.090 0.231
Tn 1676 3.000 0.123
“Tisn 800 15.840  0.646 40.807
“Fop— Top 3771 9.010 0.590 0.059
T 1980 24.880  5.390 0.186
Ti3p 1161 6.910 0.043
Tisn 660 115.610 0.712 6.158
4830 — Topn 1710 4.210 0.043
T 1212 2.230 0.023
Mizn 846 27.030  0.275
Misn 545 64.670  0.659 10.189
Hi1p— *Fopn 2497 4.760 0.004
Mo, 1502 14.420 0.012
T 1104 9.690 0.008
Tisn 792 15.670  0.013
Tisp 522 1129.780 0.962 0.852
Fop— Fopn 1942 0.810 0.003
Ton 1282 9.730 0.035
Tz 980 20990  0.076
Tisn 726 50.280  0.182
Tisn 493 194320 0.704 3.622
2Gop — *Frp 2439 1.950 0.006
Hy, 1907 2.460 0.007
“Fop 1081 2.740 0.084
“Top 840 6.600 0.020
T 699 47510  0.140
Tizn 560 176.820  0.522
Tisn 410 74.670 0221 2.955
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Table 4.33

The magnetic dipole and electric dipole radiative transition probabilities (Aup, Akp),
emission branching ratio (Br), and radiative lifetime (t.) of 0.01 mol% ZBTEr (NPs)-CNTs
glass

Er,03 nanoparticles

. Transition A Amp Agep Br tr
concentration 1 )
(o) mm) ) (D (ms)
0.01 Misn— *isp 1530 146.170  25.330 1.000 5.831
Mip— *Tisn 2804  28.610 3.880 0.483
Tisn 990 34.820 0.517 14.856
Top— Ty 4168  5.950 0.170 0.234
MTisn 1676 12.800 0.489
Misn 800 7.270 0.278 38.184

“Fopn— *Top 3771 9.610 0.670 0.045
Thp 1980 26520 16270  0.189

Tzn 1161 7.160 0.032

Tisn 660 165.750 0.733  4.425
4830 — Topn 1710 11.310 0.027

Tup 1212 8.780 0.021

Mizn 846 119.580  0.281

Misn 545 286.150  0.672 2.348
’Hi1p— *Fon 2497 5.140 0.004

Mo, 1502 19.590 0.016

Tup 1104 9.160 0.007

Tisn 792 19.240  0.016

Tisp 522 1183.290 0.957 0.809
Fop— Fopn 1942 0.860 0.001

Ton 1282 24.750 0.039

Tz 980 23.920  0.037

Tisn 726 18.390  0.029

Tisn 493 574740  0.894 1.556
2Gop — *Frp 2439 2.110 0.003

2H,,, 1907 2.420 0.004

“Fop 1081 4.010 0.042

Top 840 7.290 0.011

T 699 64.560  0.095

Tz 560 297210  0.436

Tisp 410 279.130  0.410 1.468




Table 4.34
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The magnetic dipole and electric dipole radiative transition probabilities (Aup, Akp),
emission branching ratio (Br), and radiative lifetime (t.) of 0.02 mol% ZBTEr (NPs)-CNTs

glass

Er,03 nanoparticles

. Transition A Awmp Agp Br t
concentration (nm) (s‘l) (s‘l) (ms)
(mol%)

0.02 Mizp— hisp 1530 147.570  20.090  1.000 5.964
Mip— iz 2804  28.890 3.850 0.532

Tisp 990 28.760 0.468 16.261
Mo — “T11n 4168 6.000 0.290 0.078
Tn 1676 7.680 0.095

“Tisn 800 66.760  0.827 12.387
PFon— o 3771  9.700 1.290 0.021
T 1980  26.770  12.840  0.077
4113/2 1161 24.620 0.048

Tisn 660 438.570 0.854 1.946
4S30— Mo 1710 13.690 0.055
Tup 1212 6.050 0.024
Mizn 846 67.560  0.271

Misn 545 161.670  0.649 4.016
2Hi1p— ‘Fopn 2497 10.380 0.004
Mo, 1502 33.130 0.012
Tup 1104 29.260  0.010
Tisn 792 44210  0.016

Misp 522 2672.950 0.958 0.358
4F7p — *Fop 1942 2.330 0.002
Mo 1282 28.070 0.030
Tz 980 80.290  0.086
Tisn 726 213.940  0.229

Tisn 493 609.040 0.652 1.071
2Gop — 4F1n 2439 4.540 0.005
2H,1p 1907 7.900 0.009
“Fon 1081 8.490 0.033
Ton 840 15.300  0.018
T 699 127.770  0.150
;‘113/2 560 459.900 0.539

Lisp 410 208.830 0.245 1.173
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Table 4.35

The magnetic dipole and electric dipole radiative transition probabilities (Aup, Akp),
emission branching ratio (Br), and radiative lifetime (t.) of 0.03 mol% ZBTEr (NPs)-CNTs
glass

Er,03 nanoparticles

. Transition A Amp Agep Br tr
concentration 1 q
o m) ) (ms)
0.03 Mizp— isp 1530 141.510 29.120 1.000 5.861
Mip— *Tisn 2804  27.700 5.610 0.420
MTisn 990 46.030 0.580 12.604
Ton— 1n 4168 5760 0390  0.060
MTi3p 1676 11.100 0.108
Misn 800 85.980 0.833 9.687

“Fop—*lon 3771 9-300 2.290 0.017
e 1980 25670 20210 0.069

Tzn 1161 33.720  0.050

Tisn 660 576.590 0.863 1.498
4830 — o 1710 18.610  0.052

Tup 1212 8.610 0.024

Mizn 846 98.190  0.272

Misn 545 234960 0.652 2.775
Hi1p— *Fopn 2497 18.450 0.004

Mo, 1502 56.570 0.012

Tup 1104 43.610  0.009

Tisn 792 67.670  0.014

Tisp 522 4538.120 0.961 0.212
Fop— Fopn 1942 3.560 0.003

Ton 1282 40.640 0.032

Tz 980 106.030  0.084

Tisn 726 275.040 0218

Tisn 493 835.010 0.663 0.793
2Gop — *Frp 2439 7.760 0.006

2H,,, 1907 11.400  0.009

“Fop 1081 12.290 0.022

Ton 840 26.240  0.020

T 699 199.770  0.155

Tisn 560 724.170  0.560

Nisp 410 204.480 0228 0.774




Table 4.36
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The magnetic dipole and electric dipole radiative transition probabilities (Aup, Akp),
emission branching ratio (Br), and radiative lifetime (t.) of 0.04 mol% ZBTEr (NPs)-CNTs

glass
En0; nanqpartlcles Transition A Awmp Agep Br tr
concentration 21 1
(mol%) (nm) (s) (s) (ms)
0.04 Mip— s 1530 150750 52740 1.000 4.914
Mip— Tizz 2804  29.510 8.740 0.360
Tisn 990 68.010  0.640 9.411
Moy — “T11n 4168 6.130 0.520 0.058
Tisp 1676 24.470 0.214
“Tisn 800 83.180  0.728 8.748
YFop— o 3771  9.910 1.550 0.014
T 1980 27.350  31.800  0.074
Ti3p 1161 34310  0.043
Tisn 660 693.720  0.869 1.252
4830 — o 1710 29320  0.036
T 1212 17.690  0.022
Mizn 846 224270 0278
Misn 545 536.660 0.664 1.238
Hi1p— *Fopn 2497 12.010 0.004
Mo, 1502 45.670 0.014
T 1104 37.190  0.011
Tisn 792 61.360  0.018
Tisp 522 3173.010 0.953  0.300
Fop— Fopn 1942 3.030 0.002
Ton 1282 59.110 0.032
Tz 980 117.570  0.064
Tisn 726 260.420  0.142
Tisn 493 1393.470 0.760  0.545
2Gop — *Frp 2439 5.450 0.003
M1, 1907 10.440  0.007
“Fop 1081 13.090 0.018
Ton 840 18.540  0.012
MTia 699 184.310 0.117
Tz 560 746.080  0.474
Tisn 410 580.230  0.369 0.636




Table 4.37
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The magnetic dipole and electric dipole radiative transition probabilities (Aup, Akp),
emission branching ratio (Br), and radiative lifetime (t.) of 0.05 mol% ZBTEr (NPs)-CNTs

glass
En0; nanqpartlcles Transition A Awmp Agep Br tr
concentration 21 1
(mol%) (nm) (s) (s) (ms)
0.05 Mip— sp 1530 132.010  12.920  1.000 6.900
Mip— T3 2804  25.840 2.400 0.656
Tisn 990 14.840 0.344 23.211
Top— T11p 4168  5.370 0.190 0.095
Tn 1676 5.130 0.088
“Tisn 800 47560  0.816 17.168
“Fop— Ton 3771  8.680 0.430 0.025
T 1980 23950  6.950 0.085
Tzn 1161 16.140  0.044
Tisn 660 309.210 0.846 2.737
4830 — Topn 1710 9.490 0.057
T 1212 4.090 0.025
Mizn 846 45.090  0.271
Misn 545 107.900  0.648  6.003
Hi1p— *Fopn 2497 3.440 0.003
Mo, 1502 13.070 0.012
T 1104 16.310  0.015
Tisn 792 23.480  0.021
Tisp 522 1054.360 0.949  0.900
Fop— Fopn 1942 1.240 0.002
Ton 1282 17.500 0.027
Tz 980 55.860  0.086
Tisn 726 152.520  0.236
Tisn 493 420.080 0.649 1.545
2Gop — *Frp 2439 1.750 0.004
Hy, 1907 4.710 0.010
“Fop 1081 5.100 0.059
“Top 840 5.840 0.012
T 699 64.900  0.135
Tz 560 232.960  0.485
Tisn 410 141.820 0295 2.081
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4.6.8 Luminescence Analysis

Figures 4.47 and 4.48 show the luminescence spectra of Er’*" nanoparticles for ZBTEr
(NPs)-CNTs and ZBTEr (NPs)-uncoated glasses excited by excitation at 357 nm with an
average range of 500 — 600 nm and corresponding to the room temperature. Referring to
Figure 4.47, it was clearly presented that the luminescence spectra of the ZBTEr (NPs)-
CNTs glasses shows two prominent emission peaks at 530 nm and 551 nm range which
was corresponded to 2Hi12—I1s5 and *S32—711s/2 transitions, respectively. In comparison,
Figure 4.48 presents only one prominent peak in the range of 550 — 560 nm for the ZBTEr
(NPs)-uncoated glasses. Moreover, the highest luminescence intensity generated by the
green emission at 551 nm can be associated with the excited state of oxygen-vacancy and
defect-level of emission that occurred in the ZBTEr (NPs)-CNTs phase, as shown in Figure

4.47.

Additionally, the ZBTEr (NPs)-CNTs glasses with 0.005 and 0.01 mol% of Er**
nanoparticles concentration presented a higher intensity peak, as compared to the other
concentration of glasses. As a result, these findings are proved by Judd-Ofelt’s analysis
whereby, the intensity parameters and spectroscopic quality are particularly important for
improving the ZBTEr (NPs)-CNTs glasses than the ZBTEr (NPs)-uncoated glasses. Other
than that, it can be concluded that the luminescence intensity decreases as the increase of
Er** nanoparticles in the ZBTEr (NPs)-CNTs glass system. Consequently, these results
attribute to the luminescence concentration quenching (LCQ) that is caused by the non-

radiative energy transfer via the cross-relaxation (CR) process in the amorphous matrix
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system. Besides, the decreasing luminescence intensity can be attributed to the effects of
CNTs whereby, the ZBTEr (NPs) glass surfaces are fully covered with CNTs layers and

thus, creating the formation of C-O and C=O bonds on the glass surfaces.

Other than that, the ZBTEr (NPs)-CNTs glasses implied that the electrons
supposedly jumped from the valence band to the conduction band however, the excited
electrons decreased from the conduction band and thus, releasing the photon energy which
tend to undergo the non-radiative relaxation process (Chan et al., 2021). The energy exciton
states were generated via the strong electron-electron interactions between the CNTs
coating layers and tellurite-based glass surfaces, attributing to an improved luminescence
excitation in the ZBTEr (NPs)-CNTs glasses. Furthermore, the formation of carbon bonds
on the tellurite-based glass surfaces exhibits the high performance of luminescence

excitation, resulting in the enhancement of luminescence intensity.

The influence of CNTs coating on luminescence characteristics of ZBTEr (NPs)-
CNTs glasses was compared with the ZBTEr (NPs)-uncoated glasses, as reported by
(Azlan, et al., 2015). It was worth noting that the luminescence intensity was improved by

coating the tellurite-based glass surfaces with CNTs.



260

7.00E+05 * 0.005
6.00E+05 *0.01
* 0.02
o) 5.00E+05 . 0.03
<
= 4.00E+05 ©0.04
2 3.00E+05 * 0.05
=
— 2.00E+05
1.00E+05
0.00E+00
500 520 540 560 580 600
Wavelength, y (nm)
Figure 4.47. Luminescence spectra of ZBTEr (NPs)-CNTs glasses
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Figure 4.48. Luminescence spectra of ZBTEr (NPs)-uncoated glasses (Azlan, Halimah,
Suriani, Azlina, Umar, et al., 2019)
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Figure 4.49 displays the electronic configuration schematic energy level diagram
of the ZBTEr (NPs)-CNTs and ZBTEr (NPs)-uncoated glasses under the excitation at 375
nm wavelength for determination of emission and energy transfer (ET) mechanism. As
presented in Figure 4.49, the Er’" nanoparticles are then observed to be excited by
absorbing a photon from the ground state level “I1s to the excited state level “G11/2 through
the ground state absorption (GSA) process. Afterward, the electrons are sequentially raised
from the *Gi12 level to undergo the decay non-radiatively (NR) process through multi-
phonon relaxation (MPR) in order to populate to *Hop, “Fsp2, and “F75; transition levels.
Furthermore, the electrons located at the “F7» level are relaxed non-radiatively (NR) and
ultimately populate at the 2H;1/2 level in which the present state level is located in a thermal
equilibrated population with the excited state *Ss level. These resulting states are observed
whereby, the electrons decay radiatively (R) to produce the green emission state at 2Hj1/2 +

*Ssn2 levels to the ground state “Iys; level in the ZBTEr (NPs)-CNTs glasses.

The possible causes of the red emission mechanism could be ascribed via the energy
transfer (ET) process between two distances of Er** ions in the ZBTEr (NPs)-CNTs glasses.
The red emission peaks are strongly influenced by the energy transfer (ET) process through

the effect of Er** ions nanoparticles in the amorphous matrix system, as follows:

ETi: EP" (*lisp) + B (lin) — Er** (*Fop) + Er** (“1isp)

ET2: Er* (111n) + Er** (*1i32) — Er** (*Fon) + Er*™ (*isn)
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Nonetheless, it can be seen that the red emission peak disappears in the present
ZBTEr (NPs)-CNTs glasses along with the increase of Er*" ions nanoparticles, as shown
in Figure 4.47. It was believed that due to the low concentration of Er** ions nanoparticles
that exist in the ZBTEr (NPs)-CNTs glasses. Besides, the green emission bands as

illustrated in Figure 4.49 may be attributed to the cross-relaxation (CR) process, as follows:

CRy: *Sapn+ isn — *Ton+ Tisn

CR2: *Son+ Hisn — “Tin+ izn

30 ¢
: A ; 4G11/2
25 ¢ v NR Hy
~ v NR .
= i 7 NR 4Fs/z
S 20 o ¥ NR e
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— — S
X 0 = |2 CrR1 | cR2 "
- 15[ g |= .
> L e = A A 9/2
an o
= ~ S | y 4
g < :B @« ET2 9/2
M 72! -~ v 4
10 F © Ly
CR3 ET1
[ T 3 i3
5 F
CR4
0 * - — sz
Er** nanoparticles

Figure 4.49. Schematic energy levels diagram of Er** nanoparticles of the ZBTEr (NPs)-
CNTs and ZBTEr (NPs)-uncoated glasses
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4.7 Comparative Studies of the ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs
Glasses
The comparative studies of the ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses have
been studied to further investigate the effects and correlation between the rGO or CNTs
coating layer and tellurite-based glass. This analysis provides a discussion of the
comparative studies between the present study with the previous studies which can be
related to this work. Additionally, this section comprises the optical properties including,
optical bandgap energy, refractive index, and Judd-Ofelt’s analysis, as presented in next

subsection 4.7.1.

4.7.1 Optical Properties Characterization

Generally, this section provides the discussion on the two fundamental optical properties
including, optical bandgap energy and refractive index along with the supported data, as
has been tabulated previously in Table 4.6, 4.8, 4.23, and 4.25, respectively. The ZBTEr
(NPs)-rGO and ZBTEr (NPs)-CNTs glasses were successfully presented which
demonstrated the optimum value for optical bandgap energy and refractive index.
Importantly, it can be noticed that the correlation between optical bandgap energy and
refractive index is vital for many applications especially in wide bandgap semiconductors.
Afterward, the detail of the analytical comparative studies between the optical bandgap

energy and refractive index will be discussed in this section.
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As has been presented earlier in subsections 4.4.2, 4.4.4, 4.6.2, and 4.6.4, it can be
noticed that the ZBTEr (NPs)-rGO glass at 0.04 mol% of Er-NPs concentration

demonstrated the optical bandgap energy value, E,,; =2.980 €V and refractive index value,

n=2.402. Meanwhile, the ZBTEr (NPs)-CNTs glass at 0.05 mol% of Er-NPs concentration
presented the optical bandgap energy value, E,,, = 2.875 eV and refractive index, n =
2.432. It was noted that a higher value of optical bandgap energy was demonstrated to
enhance the refractive index value which in turn both of these values are suitable to be
applied in fiber optics technology (Lalla et al., 2020). From this point of view, Gomaa et
al., (2021) proposed that the relation between the optical bandgap energy and the refractive
index was strongly dependent on the optical absorption of the material whereby, the atoms
absorb and emit electromagnetic radiation. The high optical absorption in the ZBTEr
(NPs)-rGO glasses were significantly produced a high refractive index value due to the
existing electronic transitions. Furthermore, the optical refractive index was utilized in
various fields of optoelectronic devices including, optical lasers, light-emitting diodes

(LEDs), as well as linear and non-linear optics.

Additionally, it is crucial to understand the correlation between bandgap energy and
refractive index in this study whereby, these optical properties are vital among the other
properties especially for fiber optics. Moreover, these two fundamental properties are
critical that can be applied for the estimation of the choice of semiconductor devices

primarily in fiber optics communication (Lamichhane & Ravindra, 2020).
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Therefore, an analytical comparison was presented on the optical properties of the
ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses showing the different values of optical
bandgap energy and refractive index between the present study and previous studies, as
stated in the summarized results in Table 4.38. Particularly, it can be clearly seen that the
ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses in the present study demonstrate the
lower value of optical bandgap energy at approximately, 2.875 eV and 2.890 eV and high
refractive index value in the range 2.402 and 2.432 compared to the ZBTEr (NPs)-uncoated
and Er** doped chloroborotellurite (OCBTEr) (Sailaja et al., 2021). Consequently, these
results were believed due to the stronger bonding interaction between the rGO or CNTs
coating layer on the tellurite-based glass surfaces. In addition, the high functionalization of
the rGO and CNTs layers that are attached on the glass surfaces may alter the forbidden
energy gap between the valence band (VB) and conduction band (CB) in the electronic
transition and thereby, resulting in the decreasing optical bandgap energy value.
Nevertheless, it was concluded that the obtained range values of bandgap energy for the
coated glasses in the present work is good for semiconductor properties especially in the

field of fiber optics.

Moreover, the optical bandgap energy values of the ZBTEr (NPs)-rGO and ZBTEr
(NPs)-CNTs glasses were slightly higher than in the previous studies as proposed in the
Er** doped nanoparticles bio-silica borotellurite (TBSEr (NPs)) (Halimah et al., 2019) and
Er** doped alkali bismuth borate (BLKEr) (Mariyappan et al, 2019) glasses. In
comparison, the previous works suggested that the obtained bandgap energy values were

probably due to the incorporation of Er** nanoparticles in the amorphous glass system, as
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well as the presence of the borate oxide, B2Os as the glass modifier which possesses higher
phonon energy compared to other oxides. Notably, the high optical bandgap energy values

are categorized in the semiconductor properties and useful for optical laser applications.

Nevertheless, it was noticed that the uncoated glass samples displayed higher
optical bandgap energy values which correlated to the effects of particle size of dopant. In
comparison, the increase of optical bandgap energy was caused by the smaller particle size
in which the Er*" nanoparticles were added into the host glass matrix. As a result, the
smaller size of particles resulted in the widening of the optical bandgap energy value in the

glass system.

Based on the optical bandgap energy, it can be noticed that the refractive index
value of the ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses exhibited an increasing
trend than the other previous studies, as tabulated in Table 4.39. Generally, the increasing
refractive index value can be ascribed to the density factor of the rGO and CNTs layers on
the glass surfaces and subsequently, caused to the shift of optical absorption spectra. In
addition to this, it was noticed that the intensity in the optical absorption spectra of the
ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses were found improved, as the rGO and
CNTs coating materials were deposited on the glass surfaces. Therefore, it can be
concluded that the deposition of rGO and CNTs demonstrates higher refractive index in

the amorphous glass system.



Table 4.38

The summarized results of optical bandgap energy, E,y,; and refractive index, n for ZBTEr (NPs)-rGO, ZBTEr (NPs)-CNTs,

and previous studies

Glass systems Cf;ig;tﬁzgggiﬁzlﬁz) Optical El?:;dzgea\lf))energy, Refractive index, n Literature
ZBTEr (NPs)-rGO 0.040 2.980 2.402 Present work
ZBTEr (NPs)-CNTs 0.050 2.875 2.432 Present work
ZBTEr (NPs) 0.050 3.840 1.924 (Azlan et al., 2017)
TBSEr (NPs) 0.100 2.890 2.297 (Halimah et al., 2019)
OCBTEr 2.500 3.800 2.224 (Sailaja et al., 2021)
BLKEr 0.050 2.619 1.641 (Mariyappan et al., 2019)

L9T
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As can be referred to Table 4.39, it can be clearly noticed that the ZBTEr (NPs)-
rGO glass with 0.01 mol% of Er.O3 nanoparticles concentration showed the Q> > Q¢ > Q4
trend meanwhile, the ZBTEr (NPs)-CNTs glass with 0.04 mol% of Er.O3 nanoparticles
concentration followed the Q,> Q4> Qg trend. These results indicate that the higher value
of'the € intensity parameter that may be correlated to the strong covalency and symmetry
around Er*" ions sites along with the deposition of the rGO and CNTs layers on the glass
surfaces. Similarly, it can be seen that the previous studies demonstrated the higher value
of the Q, intensity parameter which has been proved by 0.2 mol% and 0.5 mol% Er** doped
sodium zinc-tellurite (Zhang et al., 2021) and Er** doped halageno-antimonate (Iezid et al.,

2021) glasses.

In contrast, it can be clearly seen that the Er** doped fluoroindate glass system (Liu
et al., 2021) showed a high value of (¢ intensity parameter as compared with the present
study. As a result, the increasing value of the Qs intensity parameter was influenced by the
overlap integral of the 5d and 4 orbital electrons around Er** ligand bonds and thus, the
Qs intensity parameter was indicated to be less dependent on the environment (Tanabe et
al., 1993; Yang et al., 2004). Furthermore, it is worth noting that the lower value of {4 and
Qs intensity parameters correlate to relatively low ionicity, rigidity, and viscosity as well
as, favorable to be used in the luminescence properties (Sailaja et al., 2021; Yusof,

Ghoshal, & Azlan, 2017).



Table 4.39

The summarized results of Judd-Ofelt’s intensity parameters, Q; (t = 2, 4, 6) for ZBTEr (NPs)-rGO, ZBTEr (NPs)-CNTs,

and previous studies

Glass systems Er:0s cqncentratlcom Q Qy Qs = Q; Trend Literature
nanoparticles (mol%) Q6
ZBTEr (NPs)-rGO 0.010 0.145 0.065 0.070 0.923 Q> Qs> Present work
ZBTEr (NPs)-CNTs 0.040 0412  0.162 0.107 1.507 Qu> Q4> Qp Present work
TZNaEr 0.200 5600 2110 0.730  2.890 Q»>Q4>Qs  (Zhanget al., 2021)
TZNaEr 0.500 4820 1.510 0.850 1.776 0n>CQ4>Q¢  (Zhang et al, 2021)
IZSB-1Er 0.200 1.360 0.670  2.100 0319 Qs> Qx> Q4 (Liu et al., 2021)
SZNEr 0.200 3270  1.240 1.880 0.660 Qr> Q> Q4 (Iezid et al., 2021)

69¢
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Besides that, both the refractive index and Judd-Ofelt’s intensity parameters are
dependent on the wavelength of the obtained absorption spectra (Lalla et al., 2020).
Furthermore, it can be noticed that the refractive index value of the ZBTEr (NPs)-rGO and
ZBTEr (NPs)-CNTs glasses are considerably higher than the ZBTEr (NPs)-uncoated
glasses, as proved in Table 4.8 and 4.26, respectively. According to Richards & Jha, (2017),
the higher value of the refractive index (above ~1.800) and low multi-phonon decay rates
may increase the radiative transition probabilities. Therefore, it was concluded that the
refractive index value plays an important role in Judd-Ofelt’s intensity parameters of both
coated glasses in this present work. Additionally, the higher refractive index value of both
ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs demonstrates larger stark splitting effects
(Raouf El-Mallawany, 2017; Richards & Jha, 2017) which have been presented in

subsections 4.4.8 and 4.6.8, respectively.

Moreover, it can be noted that the radiative lifetime of both the ZBTEr (NPs)-rGO
and ZBTEr (NPs)-CNTs glasses estimated by Judd-Ofelt’s studies showed a longer value
(higher than ~107 s) which significantly supported by previous studies (Lalla et al., 2019;

Mariyappan et al., 2019; Marzouk et al., 2021).

Apart from that, Judd-Ofelt’s intensity parameters can be correlated with the
chemical nature of the metal-ligand bonds whereby, these ligands are part of the structural
complexity of the glassy matrix and thus, resulting in the hypersensitive transition of Q>
dependency (Lalla et al., 2020). Additionally, the tellurite host glassy matrix which has

been used in the present work offers a large compositional space that varies due to its
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advantages in the glass transition, melting temperature, as well as crystallization
temperature and hence, these important factors cause the variation of the Judd-Ofelt’s
intensity parameters. In this regard, it was concluded that the calculated Judd-Ofelt’s
intensity parameters of the ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses showed
satisfactory values including, oscillator strengths and low root mean square deviation, 8,
as can be observed similarly in the previous studies (Amiar Rodin & Sahar, 2018; Hasim

& Rohani, 2017; Jupri et al., 2018; Lachheb et al., 2018).

Moreover, the REIs of Er’* ions presenting in the Judd-Ofelt’s intensity parameters
of the ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses demonstrated a good agreement
value due to the absorption spectra possessing intense and non-overlapping absorption
bands from the UV region, as proved by the obtained optical absorption spectra (refer to
Figures 4.13 and 4.37) which in turn allowing more accurate estimation of oscillator

strengths and Judd-Ofelt’s intensity parameters values.

4.8 Summary

In summary, it was concluded that the physical, structural, and optical properties of the
ZBTEr (NPs)-rGO, ZBTEr (NPs)-CNTs, and ZBTEr (NPs)-uncoated had been
investigated in this work. The optical properties of both ZBTEr (NPs)-rGO and ZBTEr
(NPs)-CNTs glasses were increased than the ZBTEr (NPs)-uncoated glasses which

ascribed to the effects of rGO and CNTs coating layer on the glass surfaces. Afterward, the
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morphological studies of both ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses clearly
proved the rGO and CNTs structures that are attached on the glass surfaces with the
supported EDX and micro-Raman analyses. Meanwhile, the Judd-Ofelt’s analysis and
luminescence properties were successfully accomplished which acts as the important
parameters for improving the ZBTEr (NPs) glasses. Thus, the deposition of rGO and CNTs
coating layer on the ZBTEr (NPs) glass surfaces was believed to be potentially improved
the optical properties of glass materials as well as, may be utilized for future fiber optics

applications.



CHAPTER 5

CONCLUSION AND FUTURE WORKS

5.1 Introduction

This chapter reviewed a summary of the related findings from the experimental
investigation ofthe ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses in this work, which
are in accordance to the research objectives as mentioned in Chapter 1. Remarkably, it is
important to conclude that the objectives were successfully achieved based on the overall
physical, structural, and optical properties which can be used as a benchmark for the
fabrication of the glass coatings. The scientific contribution is well-emphasized throughout

this study with the presented prospective tasks for future outlooks.
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5.2 Conclusion

In summary, the two sets of glass series, namely as the ZBTEr (NPs)-rGO and ZBTEr
(NPs)-CNTs glasses were successfully fabricated by utilizing the conventional melt-
quenching and spray coating techniques. To achieve the objectives in this work, the
physical, structural, and optical properties of the ZBTEr (NPs)-rGO and ZBTEr (NPs)-
CNTs glass samples were studied. The optical properties of coated glasses were principally

influenced by the effects of the rGO and CNTs coating layers attached on the glass surfaces.

In the present work, the density and molar volume of the ZBTEr (NPs)-rGO and
ZBTEr (NPs)-CNTs glasses were found to increase along with the increase of ErO3
nanoparticles concentration approximately from 4.588 kg/m?® to 4.881 kg/m® and 25.868
m?>/mol to 26.737 m*/mol, respectively. It can be concluded that the increased value of both
density and molar volume was correlated to the higher atomic mass and atomic radius of
the Er,Os nanoparticles compared to the tellurite oxide, TeO,. The decreased value of
polaron radius resulted from the increased value of erbium ion concentration. Meanwhile,
the oxygen packing density (OPD) and field strength were found to increase due to the

greater atomic mass and ionic radius in the glass system.

SEM micrographs displayed the existence of rGO and CNTs structures on the glass
surfaces and TEM images confirmed the average size of erbium nanoparticles in the range
0f~23.530 nm. The XRD spectra proved the amorphous nature for ZBTEr (NPs)-rGO and

ZBTEr (NPs)-CNTs glass samples. The transmission bands demonstrated the presence of
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stretching vibrations mode of TeOs, TeOs, and BOs structural units, showing the formation
of non-bridging oxygens (NBOs) in the host glassy matrix. Meanwhile, the Raman spectra
demonstrated the high-quality with the better dispersion obtained for rGO and CNTs

solutions.

The optical absorption bands spectra from UV-Vis analysis were presented for all
the ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glass samples whereby, the obtained peaks
are recognized to 4f-4f transition from the ground state level, G112 to various excited state
levels (*Hop, *Fs, *F712, 2Hi12, *S312, *Fosa, “T1112, and *Io)2). Based on the obtained absorption
spectra in this work, it was shown that the optical bandgap energy value of the ZBTEr
(NPs)-rGO glasses was found to improve approximately from 1.913 eV to 2.980 eV
meanwhile, from 2.513 eV to 2.875 eV for the ZBTEr (NPs)-CNTs glasses. The improved
value of optical bandgap energy was ascribed to the shift of optical absorption which
resulted from the effects of high functionalization of rGO and CNTs structures. Apart from
that, the Urbach energy value was found in a non-linear trend approximately from 0.118
eV to 0.408 eV for the ZBTEr (NPs)-rGO glasses meanwhile, from 0.158 eV to 0.375 eV
for the ZBTEr (NPs)-CNTs glasses. Consequently, the Urbach energy value was correlated

to the phonon-assisted transition, indicating high defects in the amorphous glass matrix.

The obtained finding of refractive index value was found to increase along with the
increase of Er.O3 nanoparticles concentration approximately from 2.402 to 2.775 for the
ZBTEr (NPs)-rGO glasses meanwhile, from 2.432 to 2.542 for the ZBTEr (NPs)-CNTs

glasses. As a result, it was noticed that the presence of a high degree number of
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functionalized groups from the high agglomeration structures attached on the glass surfaces
may enhance the refractive index value. Additionally, the obtained results of reflection
loss, transmission coefficient, and dielectric constant values were found in a non-linear
trend along with the increase of Er,O3; nanoparticles concentration ranging from (0.169 —
0.221),(0.638 —0.709), and (5.769 — 7.701), respectively for the ZBTEr (NPs)-rGO glasses
meanwhile, (0.174 — 0.189), (0.681 — 0.703), and (5.915 — 6.462), respectively for the
ZBTEr (NPs)-CNTs glasses due to the changes in the optical absorption. It can be
concluded that these optical parameters were clearly deduced based on the refractive index

value of the ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses.

The refractive index optical electronegativity-based oxide ion polarizability, o>
(Ay*(n)) value demonstrates the reliable results of oxide ion polarizability value than the
obtained results of energy bandgap optical electronegativity-based oxide ion polarizability,

aoz‘(Ax*(Eopt)) value for the ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glass samples.

Hence, it can be described that the obtained results of optical electronegativity indicate the

stronger covalency of the ligand bond that exists in the glassy matrix system.

The Judd-Ofelt’s intensity parameters showed the >>Q¢>Q4 trend for 0.005, 0.01,
and 0.02 mol% Er;O3; nanoparticles concentration samples of the ZBTEr (NPs)-rGO
glasses whereby, these results showed the higher value of (2> which was correlated due to
the effects of the rGO coating layer on the glass surfaces, resulting in a high covalency and
asymmetry around Er** ions sites. Besides, the findings showed the lowest value of

from 0.03, 0.04, and 0.05 mol% Er,O3 nanoparticles concentration samples which can be
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ascribed to the weaker bonding around Er** and thus, demonstrating the long-range effects
of amorphous glassy matrix and strong ionicity between the Er-O bonds. Meanwhile, the
Judd-Ofelt’s intensity parameters followed the >>Q4>Qs trend for the ZBTEr (NPs)-
CNTs glasses except 0.01 mol% Er>O3 nanoparticles concentration sample whereby, these
findings corresponded to the strong covalency and high asymmetry of local surroundings
around Er’" ions sites. Nonetheless, the sample of 0.01 mol% exhibits the lowest Qs value
which correlates to the less rigidity between Er** ions and ligand bonds in the glassy matrix.
Hence, it can be concluded that the high functionalization of rGO and CNTs structures on
the glass surfaces promotes altering the Judd-Ofelt’s intensity parameters value. As a
result, the improved value of Judd-Ofelt’s intensity parameters may beneficial for

improving the current fiber optics technology.

Furthermore, it was noticed that the radiative parameters, branching ratio, and
radiative lifetime were calculated based on the input data from the different absorption
bands. Similarly, the ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses demonstrated the
radiative parameters and branching ratio at the >H112—*115,2 transition which presented the
highest radiative transition value and thereby, suggesting a strong green emission. As a
result, it was found that the branching ratio is relevant for *Hji—*1;s, transition with
approximately (0.900 — 0.970) and the radiative lifetime showed a value ranging from
(0.245 — 0.819 ms), respectively for all the ZBTEr (NPs)-rGO glass samples. Meanwhile,
the obtained value of branching ratio falls into the range of (0.950 — 0.960) and radiative

lifetime showed the value approximately from (0.212 — 0.900 ms), respectively. These
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findings indicate the significant lifetime values that caused by the effects of rGO and CNTs

coating layer and show a good improvement in Judd-Ofelt’s analysis.

Meanwhile, this presented work was supported by luminescence analysis which
showed two strong emission peaks at 375 nm excitation for both the ZBTEr (NPs)-rGO
and ZBTEr (NPs)-CNTs glasses. As a result, these findings showed that the luminescence
spectra correspond to the *Hjin—*lisp and *S3p—?lisp transitions whereby, the
luminescence intensity for a green laser is dominant for the ZBTEr (NPs)-rGO and ZBTEr
(NPs)-CNTs glasses. Nevertheless, it was observed that the absence of red emission can be
ascribed to the effects of a small concentration of Er>O3z nanoparticles dopant in the host
glassy matrix. Importantly, the luminescence mechanism is demonstrated by using the
energy level diagram of Er’" ions nanoparticles of the ZBTEr (NPs)-rGO and ZBTEr
(NPs)-CNTs glasses. Consequently, it was noticed that the electrons decay radiatively (R)
to generate a green emission at (*Hi12+ *S32) excited state levels to the ground state level

(“Tisp).

Overall, it can be summarized that 0.005 mol% Er,O3; nanoparticles concentration
of the ZBTEr (NPs)-rGO glass sample shows the optimal concentration based on the
characteristics including, the lower optical bandgap energy (1.913 eV) and higher
refractive index (2.775) values. Meanwhile, the optimal concentration for the ZBTEr
(NPs)-CNTs glasses is 0.04 mol% Er>O3 nanoparticles concentration glass sample which
was due to the lower optical bandgap energy (2.513 eV) and higher refractive index (2.542)

values. Nevertheless, both of the glasses show a lower emission lifetime value of 0.245 ms
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for ZBTEr (NPs)-rGO and 0.300 ms for ZBTEr (NPs)-CNTs glass system which was
correlated to the effects of rGO and CNTs coating layers on the glass surfaces. In addition,
the decreasing value of emission lifetime was caused by the non-radiative process, as has
been discussed in the luminescence analysis. Therefore, it can be concluded that 0.005
mol% ZBTEr (NPs)-rGO and 0.04 mol% ZBTEr (NPs)-CNTs glass samples are prominent
to be used for further characteristics in the fiber optics applications due to the lower optical
bandgap energy, high refractive index, and lower emission lifetime than the current fiber

optics applications.

Lastly, the present work has been well-investigated to achieve the research
objectives; to synthesize the two sets of glass series namely, the ZBTEr (NPs)-rGO and
ZBTEr (NPs)-CNTs glasses via the melt-quenched and spray-coated methods, to
investigate the morphological, particle size, as well as bonding parameters of the ZBTEr
(NPs)-rGO and ZBTEr (NPs)-CNTs glasses, to determine the optical properties including,
optical absorption, optical bandgap energy, refractive index, as well as Urbach energy of
the ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses, and to analyze the Judd-Ofelt’s
intensity parameters, emission lifetime, as well as investigating the luminescence
properties. As a result, the research objectives as has been outlined in Chapter 1 were

achieved, and hence, this research was successfully accomplished and completed.
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5.3 Suggestions for Future Outlook

Prior to the previous discussion, the objective of investigating the rGO and CNTs coating
materials that are attached on the tellurite-based glass surfaces had been completely
fulfilled. Therefore, the obtained results in this study were successfully investigated in
order to provide the fundamental data on the glass coatings field by the fabrication of the
ZBTEr (NPs)-rGO and ZBTEr (NPs)-CNTs glasses. Consequently, it was demonstrated
that the coating materials including, rGO and CNTs were highly attached with the tellurite-
based glasses. These findings greatly encourage the researchers for further investigation as
well as, to continue and expand for the improvement in more detail. Thus, the

recommendations for future outlooks are stated as follows:

1. The present work only studied three different properties including, physical,
structural, and optical properties of the coated glasses. Further investigation of the
electrical properties would assist to further elucidate, design, and achieve the

outstanding improvement in fiber optics.

il Improved coating techniques must be further explored in order to produce a high
distribution of coating materials on the glass surfaces. The improved technique of
the glass coatings should consider the advantage to optimize the cost-effective and
advanced coating technique, for instance, the electrophoretic deposition (EPD)

method.



iii.

1v.
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Further work should consider the combination of rGO/CNTSs composite in order to
explore the possibility of performance of glass coatings, suggesting the excellent

optical and mechanical properties for contribution to fiber optics applications.

The present work has been carried out to investigate the improvement of optical
properties in the glass system by using glass coatings. In the future, graphene-based
materials (GBNs) probably consider to be doped into the glass system in order to
further investigate the structural properties, including the structural arrangement of
the glass network. This would be useful due to the strong characteristics of GBNs

especially, the mechanical properties.

Another key factor for future study is to expand the investigation analysis by using
the Mc-Cumber’s theory in order to support the obtained results from the Judd-
Ofelt’s theory as well as, for evaluating the comparison findings between Judd-
Ofelt and Mc-Cumber analyses. Other than that, the Mc-Cumber’s theory can be
applied for the estimation of the high-performance lasing medium in the operating

laser of optical applications.
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ABSTRACT

Graphene-based nanomaterials have significant potential to be used as coating materials for glass performance. In this
work, reduced graphene oxide (rGO)-coated tellurite glass was synthesized via melt-quenching and low-cost spray
coating techniques for improving the optical properties in the glassy matrix. The structural properties investigated
using X-Ray Diffraction (XRD) confirmed the structural arrangement of an amorphous nature phase meanwhile,
Scanning Electron Microscopy (SEM) analysis proved the morphological structure images of rGO onto the tellurite
glass surface. The refractive index value of rGO-coated glass was found higher in the range of 2.402 - 2.775 due to
the graphene-based effects. The optical bandgap energy value of rGO-coated glass was improved from 1.913 - 2.980
eV which correlated to the changes in rGO absorption characteristics. The Urbach energy showed a high number of
defects in absorption with the presence of rGO structures. By virtue of improved optical properties, the rGO-coated
glass may be beneficial to be used as a glass coating material for high optical performance of fiber optics.

Keywords: Erbium nanoparticles; rGO; tellurite glass

ABSTRAK

Bahan nano berasaskan grafin mempunyai potensi ketara untuk digunakan sebagai bahan salutan untuk prestasi
kaca. Dalam kajian ini, kaca tellurit disalut grafin oksida terkurang (rGO) telah disintesis melalui teknik lebur
lindap dan salutan semburan kos rendah untuk meningkatkan sifat optik dalam kaca matriks. Sifat struktur yang
dijalankan menggunakan pembelauan sinar-X (XRD) mengesahkan susunan struktur fasa sifat amorfus manakala,
analisis mikroskop pengimbasan elektron (SEM) membuktikan imej struktur morfologi rGO pada permukaan
kaca tellurit. Nilai indeks biasan kaca disaluti rGO didapati lebih tinggi dalam julat 2.402 - 2.775 disebabkan oleh
kesan berasaskan grafin. Nilai tenaga jurang jalur optik kaca disaluti rGO telah meningkat dari 1.913 - 2.980 eV yang
dikaitkan dengan perubahan dalam ciri penyerapan rGO. Tenaga Urbach menunjukkan bilangan kekurangan yang
tinggi dalam penyerapan dengan kehadiran struktur rGO. Berdasarkan sifat optik yang dipertingkatkan, kaca disaluti
rGO bermanfaat untuk digunakan sebagai bahan salutan kaca untuk prestasi tinggi gentian optik.

Kata kunci: Kaca telurit; nanozarah erbium; rGO

INTRODUCTION insulating sp* carbon atoms and may tune the bandgap

Graphene oxide (GO) is oxidized from graphene derivative
that possesses an atomic arrangement similar to the
graphene sheet due to its oxygenated carbon backbone
and adhered mostly with hydroxyl, carboxyl, carbonyl,
and epoxide groups on nanosheets (Al-Gaashani et al.
2019). GO has attracted attention as a unique material
and solution-possessable multifunction carbon platform
via modifying the electronically conducting sp? to

of GO sheets which in turn also affects nonlinear optical
(NLO) properties of GO (Abozied et al. 2021; Aradhana et
al. 2018). The tuning of bandgap caused by the existence
of various oxygen-containing functional groups localized
at the edges enables GO as a promising prospect in the
field of optoelectronics, sensors, electrodes, as well as
lithium-ion batteries (Bhuyan et al. 2016; Cao et al.
2017). However, the higher graphitic structure defects
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ABSTRACT

Neodymium oxide doped tellurite-based glass has been widely documented for potential uses in optoelectronics,
but graphene oxide (GO)-coated tellurite-based glass has rarely been reported. In this work, we compare two sets
of glass series which were GO-coated and uncoated tellurite-based glass series denoted as ZBTNd-GO and ZBTNd,
respectively. The two sets of glasses were fabricated via melt-quenched process. A set of glass was coated with GO
using low-cost spray coating method. The structural and morphological properties of the glass samples were
investigated to confirm the type of structure in glass and formation of graphene oxide on glass surface. The X-ray
diffraction (XRD) pattern confirmed the amorphous structural arrangement in both sets of glass series. The
morphological study proved the existence of GO layers on top of the ZBTNd-GO surface. The optical bandgap
energy of ZBTNd-GO glass was found in the range of 3.253 eV-3.381 eV which was higher than ZBTNd glass.
Meanwhile, the refractive index of ZBTNd-GO glass varies from 2.301 to 2.332 which was higher than ZBTNd
glass due to the presence of functionalized oxygenated groups in GO structure. The oxide ion polarizability of
ZBTNd-GO glass was found decreased due to the shift of optical band gap when coated with GO. This work offers
a new form of glass that could be used as a new strategy to upgrade the current photonic materials.

1. Introduction

In particular, the widening of band gap energy in GO structures
which due to the pristine graphene through the transformation from sp?

Graphene oxide (GO) is oxidized from a graphene derivative that can
be described as a carbon-based substance composed primarily of an
abundant content of oxygen-containing functionality groups found at
the edges of GO structures [1,2]. The excellent properties in GO have an
extraordinary interest to be included in the optoelectronics application
[3,4], super-capacitors [5,6], or as an energy charge storage like
GO-based lithium ion battery [7], respectively as well as suitable to be
applied in the enhancement of sensing [8] and solar cells [9]
applications.

* Corresponding author.
E-mail address: azlanmn@fsmt.upsi.edu.my (M.N. Azlan).
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to sp® hybrid via an oxidation process, can be considered to be beneficial
for enhancing the optical properties in the glass materials [10,11]. The
tuning of GO band gap energy implies, in particular, the presence of
higher functional groups of oxygen, which can be correlated with the
effect of oxidation in GO structures [12]. The integration of graphene
oxide and tellurite glass is therefore a way to further enhance the optical
properties of the glass network system, as the inclusion of GO itself
would perform as an ideal candidate for the production of excellent glass
coatings.

Received 22 December 2020; Received in revised form 13 April 2021; Accepted 27 April 2021

Available online 13 May 2021
0925-3467/© 2021 Elsevier B.V. All rights reserved.


mailto:azlanmn@fsmt.upsi.edu.my
www.sciencedirect.com/science/journal/09253467
https://www.elsevier.com/locate/optmat
https://doi.org/10.1016/j.optmat.2021.111138
https://doi.org/10.1016/j.optmat.2021.111138
https://doi.org/10.1016/j.optmat.2021.111138
http://crossmark.crossref.org/dialog/?doi=10.1016/j.optmat.2021.111138&domain=pdf

Chalcogenides Letters Vol. 18, No. 9, September 2021, p. 525 - 534

Polarizability of erbium-doped zinc-tellurite glasses coated with graphene oxide
for telecommunication devices

Y. Azlina®, M. N. Azlan®", H. R. Shaari®, S. N. Nazrin®, N. M. Al-Hada®,

S. A. Umar®, M. H. M. Zaid®, R. Hisam®, S. M. Iskandar’, B. K. Kenzhaliyev®,
G. K. Kassymova®, 1. Boukhris™

“Physics Department, Faculty of Science and Mathematics, University Pendidikan
Sultan Idris, 35900 Tanjong Malim, Perak, Malaysia

®Department of Physics, Faculty of Science, Universiti Putra Malaysia, 43400,
Serdang, Selangor, Malaysia

‘Shandong Key Laboratory of Biophysics, Institute of Biophysics, Dezhou
University, Dezhou 253023, China

‘Department of Physics, Faculty of Science, Federal University Lafia, Lafia,
Nasarawa State, Nigeria

‘Faculty of Applied Sciences, Universiti Teknologi MARA, 40450 Shah Alam,
Selangor, Malaysia

ISchool of Physics, Universiti Sains Malaysia, 11800 USM, Penang, Malaysia;
Institute of Metallurgy and Ore Beneficiation, Satbayev University, Almaty,
Kazakhstan

"Department of Physics, Faculty of Science, King Khalid University; P.O. Box
9004, Abha, Saudi Arabia.

"Université de Sfax, Faculté des Sciences de Sfax, Département de Physique,
Laboratoire des matériaux composites céramiques et polymeres (LaMaCoP)
Faculté des sciences de Sfax BP 805, Sfax 3000, Tunisie

Graphene-based nanomaterials offer superior properties especially in optical performance.
The existence of oxygen functionalized group in graphene active layers is beneficial to
enhance the optical properties of current tellurite glass. In this work, two series of glasses
denoted as ZBTEr (uncoated) and ZBTEr-GO (coated) were successfully prepared using
melt-quenching and low-cost spray coating techniques. X-ray diffraction analysis was
done on both glass series and confirmed the amorphous structural arrangement in the glass
system. Morphological study was investigated by using Scanning Electron Microscopy
(SEM) and revealed the distribution of graphene layers on the glass surface. The UV-Vis
spectroscopy was carried out and several absorption bands were determined for both series
of glasses. The computation of oxide ion polarizability and optical basicity were
investigated based on Lorentz-Lorentz equation. The oxide ion polarizability and optical
basicity for ZBTEr-GO (coated) glasses were found higher than ZBTEr (uncoated) glasses
due to the existence of sp’ graphitic attached on the oxygenic functional groups in GO
layers. The metallization criterion values for ZBTEr-GO (coated) glasses were found
decreased and tend to be more metallic. Hence, the deposition of graphene layers on the
tellurite glasses offer a new strategy to improve the current telecommunication devices.

(Received June 21, 2021; Accepted September 10, 2021)

Keywords: Oxide ion polarizability, Optical basicity, Metallization criterion,
Graphene oxide, Tellurite glass

1. Introduction

Graphene is a two-dimensional of single-atom-thick sheet with sp”* bonded carbon atoms
in a hexagonal structure. The use of graphene in broad optical applications display their
remarkable usefulness in the field of optics, photonics, and optoelectronics devices for instance,
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The versatility of graphene oxide (GO) as coating materials on the glass surface is a new
revolution in the advanced glass era. In this work, GO liquid solution was prepared by
using electrochemical exfoliation in an electrolyte solution assisted by different
surfactants. Meanwhile, a glass series was prepared by using the conventional melt-
quenched technique. A low-cost and simple spray deposition technique was used to
deposit the GO on the glass sample. The obtained glass series was denoted as GO coated
TNd (NPs), meanwhile, the uncoated glass was labelled as uncoated TNd (NPs). The
linear optical properties of GO coated TNd (NPs) glass series was determined using UV-
Vis spectrophotometer and utilizing the Lorentz-Lorentz equation to determine the value
of polarizability. X-ray diffraction spectra revealed the amorphous structural
characteristics of the glass series. The SEM morphological image revealed the variation of
GO distribution on the glass surface due to the agglomeration and inhomogeneity of GO
distribution on the glass surface. The homogeneity of GO distribution on the glass surface
is negligible in this work as we focus solely on the effect of GO on glass properties.
According to the observations, the value of GO-coated TNd (NPs) is in the range 3.4531-
3.8549 A and uncoated TNd (NPs) is in the range 2.709- 2.774 A. Meanwhile, the optical
basicity value ranges from 1.220 to 1.262. These results demonstrate that the polarizability
of oxide ions and optical basicity values of the GO coated TNd (NPs) glass series was
higher than the uncoated TNd (NPs) glass. The metallization criterion for the GO-coated
TNd (NPs) glass system is in the range of 0.3 < M < 0.4. Based on these results, the
obtained glasses are promising in linear optical glass fibre.

(Received May 17, 2022; Accepted August 30, 2022)
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1. Introduction

The discovery and availability of nanomaterials such as graphene oxide (GO) have
exceptional mechanical, electrical, thermal, optical, and physical characteristics [1]. The excellent
properties of GO have been attracted the interest of many applications [2], [3] such as
optoelectronics, supercapacitors, energy storage devices such as GO-based lithium rechargeable
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Abstract

Carbon-based materials such as graphene oxide are known as attractive candidate to improve the current optoelectronic and
laser devices. In this work, neodymium nanoparticles doped zinc-tellurite glass coated with graphene oxide (GO) denoted
as ZBTNd (NPs)-GO was prepared via low-cost melt-quenching method and simple spray coating method. The structural
properties of the glass system had been carried out by using X-ray diffraction (XRD) and confirmed its amorphous structural
arrangement with non-existence of crystalline structure. The TeO3 and BO3 structural units were found dominant in tel-
lurite glass network as determined by Fourier transforms infrared spectrometer (FTIR). High number of oxygen functional
groups and stacked of graphene layers on the glass surface were revealed by field scanning electron microscopy (FESEM)
and Raman spectroscopy. The optical band gap energy values were found to decrease in the range of 2.665-2.405 eV along
with dopant concentration. In the meantime, the refractive index values were found more than n>2.00 and fall in the range
of 2.12 to 2.20. The electronic polarization was calculated by using Lorentz-Lorentz equation and found in the range of
6.516 to 7.211 A ®. Based on these results, the improvements on optical properties of tellurite glass have been made to be
used in laser application.

Keywords Tellurite glasses - Graphene oxide - Band gap - Refractive index - Laser application
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years. Novoselov reported graphene-based materials to have
outstanding properties such as excellent electrical conductiv-
ity, flexibility, and hardness properties [1]. The interest of
graphene oxide (GO) in optoelectronic devices has increased
extensively due to its low-cost production and high electri-
cal performance. Graphene oxide consists of stacked layers
and abundant of oxygen functional group. Graphene oxide
is also significant in the application of optics, photonics, and
optoelectronic devices [2]. The significant impacts of GO on
tellurite glass for optical fiber have been reported by Azlina
et.al [3] which found the improvement of optical properties
due to the presence of oxygen-containing functional groups
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ABSTRACT

Nanomaterials based on graphene have outstanding properties, particularly
in terms of optical performance. Using melt-quenching and low-cost spray
coating procedures, we effectively generated a series of reduced graphene
oxide-coated tellurite glasses doped with neodymium nanoparticles, denoted
as rGO-ZBTNd (NPs) glasses. An X-ray diffraction study of glass samples
validated the glass system's amorphous structure. FESEM morphological
analysis was used to evaluate the appearance of rGO on the glass substrate
and revealed the dispersion of rGO. UV-Vis spectroscopy was used to
determine different absorption bands. The refractive index value calculated
using the Dimitrov and Sakka equation was found to be more than n > 2.000
and in the range of 2.339 to 2.657 when compared to uncoated samples. On
the basis of these findings, a new method involving rGO deposited on tellurite
glass has been developed to improve the tellurite glass currently utilised in
laser applications.

Keywords: Tellurite Glass, Reduced Graphene Oxide; Optical Parameter;
Refractive Index
Introduction

Tellurium oxide is a potential glass forming that has been shown to be useful
in current technological applications. Because of its unique qualities, tellurite
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Abstract. Borotellurite glass had been widely applied in the field of optical communications and
devices. In this work, holmium oxides doped borotellurite glass had been successfully fabricated via
conventional melt-quenched technique. The structural properties of holmium doped tellurite glass
were found using x-ray diffraction (XRD) method. The nonexistence of sharp peaks in XRD pattern
shows that the inclusion of holmium tellurite glass leads to the formation long range of disorderness.
The optical properties of the glass system such as refractive index and optical band gap energy are
investigated using UV-Vis spectrophotometer. The value of refractive index is found in nonlinear
trend along with holmium oxides concentration. It is found that the refractive index is more than 2 at
0.01, 0.03 and 0.04 of holmium concentrations. The optical band gap energy was found in similar
trend with refractive index which is in nonlinear pattern.

Introduction

The extensive research on optical glass materials had been done to produce the high optical ability
in glass materials for optoelectronics applications. Among the heavy metal oxides, tellurite oxide
shows outstanding optical properties such as high refractive index, high dielectric constants, a wide
band infrared transmittance and large third order non-linear optical susceptibility [1]. It is known that
tellurite glass has high potential to be used in core clad fiber optics [1]. However, the current materials
for fiber optics are made from silicate oxide which has numerous weaknesses for fiber optics [2].
Hence, it is highly important to introduce tellurite oxide as the novel materials for fiber optics.

The single component of tellurite glass has low stability and prone to fractures.
The multi-component glass system is the best solution to increase the glass forming stability and to
enhance the structural properties. Boron and zinc oxides had been chosen in this research due to
several reasons as follows [2]:

a. Boron oxide: Excellent materials to increase the hardness properties and phonon energy
(from 770 to 1335 cm™)

b. Zinc oxide: Outstanding materials to reduce the melting temperature and may act as former
glass

The introduction of rare earth oxides as dopants in glass materials had been widely investigated.
Rare earth oxides are known to have sharp spectral properties which is beneficial to be used in wide
optoelectronics applications. Erbium oxide are the well-known dopant which had been used in many
glass materials. However, there are few more rare-earth oxides which have high potential to be used
in optical glass materials. Holmium oxide is one of the rare-earth oxides which have high potential
to improve the optical performance of tellurite glass.

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the written permission of Trans
Tech Publications Ltd, www.scientific.net. (#590096533-27/05/22,18:05:00)
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