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Chapter 1
Some Physical Properties of Tellurite
Glasses

Raouf El-Mallawany

Abstract The present chapter summarizes some physical properties of tellurite
glasses when modified with transition metal oxides (TMO) and with rare-earth
oxides (REO). The physical properties were thermal, optical, electrical, and mechan-
ical. Also, some recent applications of tellurite glasses have been collected.

1.1 Introduction

Solid-state physics is the study of rigid matter, through methods such as quantum
mechanics, crystallography, electromagnetism, and metallurgy, and it is the largest
branch of condensed matter physics. Solid-state physics studies how the large-scale
properties of solid material result from their atomic-scale properties and form a
theoretical basis of materials science. Processing of new noncrystalline solid,
tellurite glass has been achieved in the last 60 years. The research work on the
smart tellurite glasses have been published in earlier articles [1–4] but remained
virtually unknown to materials and device engineers until 1990s when linear,
nonlinear, and dispersion properties of modified tellurite glasses were reported
[5, 6]. Tellurite glasses have been mushroomed in the field known academically as
the “Physics of Noncrystalline Solids.” Smart materials are designed materials to
have one or more properties that can be significantly changed in a controlled fashion
by external stimuli. Moreover, research effort is seen as providing the fundamental
base for finding new smart noncrystalline solids prepared by nano-processing to get
new physical data. Artificial neural network (ANN) technique has been used to
simulate and predict any physical property for applications in therapy, radiation
shielding, and renewable energy as the efficiency enhancements in solar cells using
photon downconversion in Tb/Yb-doped tellurite glass have been reported [7–11].
Also, many books [12–14] have been published and five video seminar (loaded in
the Internet) for international educational purposes entitled “An Introduction to
Tellurite Glasses” [15]. Prior to article [4] (1984), tellurite glasses were considered
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as intermediate glass former and no international attention on it. Pure TeO2 and
binary TeO2-WO3 glass have been prepared. Since 1984 and up till now, the
research activities were focused on developing new materials by modifying TeO2

glass with rare-earth oxides (REO) or transition metal ions (TMI) to get unique
optical, electrical, thermal, elastic, vibrational properties and its applications and
have opened a new horizon in new physical aspects of semiconducting tellurite
glasses research [16–40]. Figure 1.1 shows some samples of 80TeO2-5TiO2-(15-x)
WO3-x AnOm where AnOm is Nb2O5, Nd2O3, and Er2O3; x¼ 0.01, 1, 3, and 5 mol%
for Nb2O5; and x ¼ 0.01, 0.1, 1, 3, 5, and 7 mol% for Nd2O3 and Er2O3.

Recently there has been significant progress in tellurite (TeO2)-based glasses
based on their unique and interesting physical properties when modified with
transition metal or rare-earth oxides [41–50]. The interesting physical properties
were low phonon energy, low melting temperature, high refractive index, large
transparency window, electrical shielding, and high thermal and chemical stability
which enable the glasses for optical applications. Luminescence and energy transfer
studies on Sm3+/Tb3+ co doped telluroborate glasses for WLED applications, pro-
duction, and characterization of femtosecond laser-written double line waveguides
in heavy metal oxide glasses, sensitization of Ho3+ on the 2.7 μm emission of Er3+ in
(Y0.9La0.1)2O3 transparent ceramics, spectroscopy of Yb- doped tungsten-tellurite
glass have been reported [41–50]. Also, assessment of its lasing properties, and
spectroscopic studies of Dy3+ ion doped tellurite glasses for solid state lasers, white
LEDs and yellow to orange-reddish glass phosphors: Sm3+, Tb3+ and Sm3+/Tb3+ in
zinc tellurite-germanate glasses have been reported [41–50]. The two glass series
(ordinary glass, glass with nanoparticles) were successfully prepared by using melt
quenching method [7]. The effect of erbium and erbium nanoparticles has been
studied by:

• The average size of nanoparticles in glass with nanoparticles was found in the
range �23.53 nm,

• The density of ordinary glass is less than glass with nanoparticles due to the
increasing compactness in the glass system.

• The refractive index of glass with nanoparticles is higher than ordinary glass
system which is caused by the change in density.

• The absorption peaks of the ordinary glass are two times intense than glass with
nanoparticles which correspond to the restriction of electrons in nanoparticles.

Hundreds of scientific and few review articles have been reported on tellurite
glasses modified with transition metals and also with rare earths. Figure 1.2 shows
the statistical distribution of tellurite glasses articles in 1951–2018.
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Fig. 1.1 Samples of 80TeO2-5TiO2-(15-x) WO3-xAnOm where AnOm is Nb2O5, Nd2O3, and
Er2O3; x ¼ 0.01, 1, 3, and 5 mol% for Nb2O5; and x ¼ 0.01, 0.1, 1, 3, 5, and 7 mol% for Nd2O3

and Er2O3

1 Some Physical Properties of Tellurite Glasses 3



0.01Nb2O5 1Nb2O5

5Nb2O33Nb2O5

Niobium Series

Fig. 1.1 (continued)
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Fig. 1.1 (continued)
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Fig. 1.2 Tellurite glasses scientific articles, review articles, and books by Scopus research engine
1951–January 2018
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1.2 Thermal Properties

Processing and thermal properties of tellurite glasses have been investigated by
different techniques for the pure, binary, ternary, and quaternary noncrystalline
solids; tellurite glasses have been processed [12, 13, 25]. Selected thermal properties
of solids like thermal expansion coefficient (α), glass transformation temperature
(Tg), specific heat capacity (Cp), and difference in specific heat capacities (ΔCp) from
solid (Cpg) to liquid (Cpt) have been measured. Theoretical correlations between the
previous measured values for different modifiers in the glass and the structure factors
like: average stretching force constant, average crosslink density, energy of crystal-
lization have been achieved. Also, theoretical correlations have been achieved
between thermal expansion coefficient and:

I. Vibrational properties like long wavelength (Gruniesen parameter at high
enough temperature greater than the Debye temperature (estimated from ultra-
sonic measurements).

II. Thermal expansion coefficient (α) has been correlated with the second deriva-
tives of the potential energy of a diatomic chain as explained previously
[12, 13].

III. Gruenisen parameter has been correlated with the Born exponent for the
amorphous solids for the first time [12, 13].

IV. Thermal expansion coefficient (α) has been correlated with compressibility and
both have been discussed structurally.

1.3 Optical Properties

The optical properties of tellurite glasses task have been focused into three
subdirections [5, 12, 13]:

I. Linear and nonlinear refractive indices: in early 1990s and after solving the
theoretical difficulties with optical properties of amorphous solids by calculat-
ing number of ions/unit volume and polarizability of ions [5]. Analysis of the
refractive indices of these semiconducting amorphous solids [5, 51]. The rela-
tionship between refractive indices and number of ion/unit volume (N/V) along
with the values of polarizability is explored. These two factors were primarily
responsible for reductions in both the dielectric constant and refractive index,
although electronic polarizations also affect optical properties, coordination
number (CN), and field intensity of the modifier which were all gathered and
discussed. Based on that and started from 1992 [5], the nonlinear optical
properties of these glasses have measured, analyzed, and attracted the
researchers worldwide. Also, the halogen effect on the optical properties has
been archived along with thermal luminescence and spectroscopic properties
like luminescence properties of Er3+ ions in tellurite glasses. Also, erbium nano
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particles for photonic applications and determination of nano-size particles was
performed by electron energy scattering, EDX have been achieved [7].

II. Ultraviolet absorption (UV): experimental procedures to measure the UV of
bulk and thin film, oxide, or halide along with theoretical concepts to find
the energy gap and band tail width. Direct and indirect transition of the electrons
has been judged. Also, derivative absorption spectrum fitting (DASF)
method and absorption spectra fitting (ASF) have been used to calculate energy
gap, (Eopt:

DASF), (E
opt:
ASF) [52, 53].

III. Infrared absorption (IR) and Raman spectroscopy: the two complementary
nondestructive characterization techniques; both provide extensive information
about the structure and vibrational properties of these new noncrystalline solids
in pure and modified forms either by oxide or oxyhalide. The basis for quan-
titative interpretation of the absorption bands in the IR spectra has been
provided by using values of stretching force and constant and reduced mass
of the vibrating cation-anion. Such interpretations showed that the CN deter-
mines the primary forms of these spectra. The deconvolution of the FTIR data
was made by origin 8 using Gaussian-type function to help us to identify all
bands appear in the spectra. The structural peculiarities and Raman spectra of
tellurite based glasses have been achieved [31]. A fresh look at the problem has
been achieved. Also, the TeO2–WO3 glass system as simulated by ab initio
calculations has been achieved [31].

1.4 Electrical Properties

Electrical properties (conduction and insulation) of tellurite glasses have been
collected. The AC, DC, and dielectric constant (ε) of the present amorphous solids
have been measured by using different frequencies and wide temperature ranges
[12, 13, 24, 27–29, 54]:

I. ITheoretical analysis of the electrical conduction based on hopping mechanism
at high, room, and low temperatures by calculating hopping activation energy,
electron-phonon coupling. Also, the candidate explores the dependence of the
semiconducting behavior of tellurite glasses on the ratio of low to high valence
states in the modifiers by using ESR at low temperature.

II. Dielectric constant and loss factor which have been found to vary inversely with
frequency and directly with temperature, the rates of change (∂ε/∂f ) and (∂ε/
∂T ) have been measured. The candidate has analyzed the experimental data
according to the value of the polarizability which depend on the types and
percentage of the modifier that present in these semiconductors. Data on the
electrical modulus and relaxation behavior of semiconducting tellurite glasses
were discussed in terms of the polarizable atoms per unit volume.

1 Some Physical Properties of Tellurite Glasses 7



1.5 Mechanical Properties

Fourth task was the mechanical properties of tellurite glasses. By using ultrasonic
equipment, hydrostatic and uniaxial pressure, and elastic moduli (SOEC), their
derivatives (TOEC) have been measured. Elastic properties provide considerable
information about the structure and interatomic potential of solids. Gruneisen
parameter which expresses the volume dependence of the normal mode frequency
has been calculated. The role of the modifier in the elastic properties of tellurite
glasses has been measured and theoretically analyzed [4, 30]. Also, application of
ultrasonic has been used for:

I. Detection of micro phase separation in amorphous solids has been achieved.
II. Correlations between the acoustic Debye temperature and the theoretically

calculated optical Debye temperature from IR absorption has been achieved,
while the acoustic Debye temperature has been discussed in details according to
the number of vibrating atoms per unit volume (N/V ) when modified with REO
or TMO. Also, internal frication (Q×1) at low temperature has been measured at
low temperature by using ultrasonic equipments in order to find the relaxation
processes in this amorphous solid material. Radiation effect on (Q×1) has been
measured. Simulation of acoustic properties of some tellurite glasses and pre-
diction of ultrasonic parameters at low temperatures for tellurite glasses using
artificial neural network (ANN) technique have been achieved.

1.6 Applications

Applications of tellurite glasses have been increased every day. The effects of Yb3+-
Er3+ co-doped TeO2-PbF2 oxyfluoride tellurite glasses with different Yb3+ concen-
trations and characterized their upconversion properties. Intense emission bands at
527, 544, and 657 nm corresponded to the Er3+ transitions, and the maximum was
obtained at an Yb3+-to-Er3+ molar ratio of 3. When this glass was applied at the back
of amorphous silicon solar cells in combination with a rear reflector, a 0.45%
improvement in efficiency was obtained under co-excitation of AM1.5 and
400 mW 980 nm laser radiation. Maximum external quantum efficiency and lumi-
nescence quantum efficiency of 0.27% and 1.35%, respectively, were achieved at
300 mW excitation [11].

Based on the increase in dc electrical conductivity of tellurite glasses with
increasing γ-irradiation doses in the temperature range of 300–573 k [54], the
observed increase in conductivity is attributed to the relative increase in the charge
carriers that produced by γ-rays. In 2013, effect of pre-readout annealing treatments
on thermoluminescence (TL) mechanism in tellurite glasses at therapeutic radiation
doses level has been established [9]. The higher sensitization for thermal annealing
on thermoluminescence, TL mechanism in the region 550–600 �C for 80(TeO2)–5
(TiO2)–(15-x) (WO3)–(x)AnOmwhere AnOm¼Nb2O5, Nd2O3, Er2O3, and x¼ 5 mol
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% has been measured. The behavior of trap centers and luminescence centers has
been investigated for tellurite glasses doped with rare-earth oxides irradiated at 0.5
up to 2 Gy and annealed at different temperatures in the range 350–700 �C. The
behavior of the three types of tellurite glasses is analyzed regarding to their kinetic
parameters and luminescence emission which enhance the claim of tellurite glasses
for use as thermoluminescence detector and TLD material at therapeutic radiation
doses. The higher sensitization for thermal annealing on TL mechanism in the region
550–600 �C for 80(TeO2)–5(TiO2)–(15 � x) (WO3)–(x) AnOm where
AnOm ¼ Nb2O5, Nd2O3, Er2O3, and x ¼ 5 mol% has been measured.

Moreover, in 2017, the photonic applications of tellurite glasses, lasers utilizing
tellurite glass-based gain media, tellurite glasses for optical amplifiers, broadband
emission in tellurite glasses, tellurite glass fibers for mid-infrared nonlinear applica-
tions, tellurite thin films produced by RF sputtering for optical waveguides and
memory device applications, laser writing in tellurite glasses and supercontinuum
generation in tellurite optical fibers, and tellurite glasses for plasmonics have been
published [14]. Beside the above the present book will summarize the some physical
properties of tellurite glasses and then cover radiation shielding by simulation,
tellurite glass materials for energy conversion technology and laser devices, struc-
tural and luminescence properties for laser applications, and optothermal, optical
properties in the presence of gold nanoparticles and lanthanide-doped zinc
oxyfluorotellurite glasses as a new smart material. Additional chapters address the
properties and uses of tellurite glasses in optical sensing, significance of near-
infrared (NIR) emissions, solar cell, laser, luminescent display applications, solar
energy harvesting, and development of bioactive-based tellurite-lanthanide (Te-Ln)-
doped hydroxyapatite composites for biomedical applications. Figure 1.3
represented the sketch diagram of the present tellurite glass smart materials book.

Chapter 2 summarizes the radiation shielding properties for tellurite glasses to
show their superior properties for potential applications. The shielding properties of
the present glasses cover such properties as density and shielding parameters: mass
attenuation coefficient, μ/ρ; line attenuation coefficient, μ; effective atomic numbers,
Zeff; half value layers, HVL; mean free path, MFP; and exposure buildup factors,
EBF. Values of mass attenuation coefficient have been computed using WinXCOM
program and shielding rate of each glass shielding material tested by 60Co, 137Cs,
and 125I gamma ray sources. Chapter 3 presented tellurite glass materials for
potential applications for solar energy technology and laser devices. It is because
these materials present very efficient optical and physical properties. Tellurite
glasses doped with PbTe, CdTe, and rare-earth materials are considerable, due to
its practical importance in technological applications such as integrated optics,
optoelectronics, lasers, broadband optical amplifiers, and solar energy conversion.
The challenges in the solar energy technology research are to increase the conversion
efficiency compared with that of silicon solar cells and consequently to make them
more cost effective for commercial applications. Tellurite glasses doped with rare-
earths were demonstrated as very broadband optical amplifiers and laser devices.

In addition, Chap. 4 discussed in details both structural and luminescence prop-
erties of heavy metal oxide-based TeO2 glasses incorporated by some rare-earth

1 Some Physical Properties of Tellurite Glasses 9



ions. The glasses were developed by conventional melt quenching method, and the
structural analysis was done by XRD, FTIR, and Raman. The XRD patterns confirm
the amorphous nature of the samples, and the FTIR characterization showed the
formation of more non-bridging oxygen atoms in the glass network with the
inclusion of rare-earth ions. Spectroscopic characterizations such as optical absorp-
tion, photoluminescence, and decay profile measurements were performed on the
glasses. The Judd-Ofelt theory has been employed on optical absorption spectra to
evaluate the Judd-Ofelt (J-O) intensity parameters Ωλ (λ ¼ 2, 4, 6). The measured J-
O intensity parameters were used to determine the emission transition probability
(AR), stimulated emission cross section (σ(λp)), branching ratios (βR), and radiative
lifetimes (τR) for various emission transitions from the excited levels of rare-earth
ions in the host glass network. The obtained results showed the use of the glasses for
potential applications in the field of laser technology. Moreover, Chap. 5 showed
that transition metal oxide containing glasses (TMOGs) have special and unique
optothermal properties of some vanadate-tellurate oxide glasses. One can verify how
the optical, thermal, and thermoelectric properties vary with composition. In other
words, optical and thermal characterization of such glassy systems can be investi-
gated versus the composition with the aim of finding the more potential candidates in
optical applications. Moreover, beside thermal stability, different parameters such as
elastic moduli, optical bandgap, molar volume (Vm), oxygen molar volume (V∗

O ),
oxygen packing density (OPD), molar refraction (Rm), metallization criterion (M ),
and the concentration of non-bridging oxygen ions (NBOs) can be evaluated and
discussed as the most important factors on the properties and applications of a
material. In brief, optical applications (such as active material in optical fibers) of

Tellurite 
Glasses

Some Physical 

Properties

Radiation Shielding

Energy Conversion Technology & 

Lasers Devices

Optothermal

Solar Cell, laser and Luminescent 
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Optical Sensing

Solar Energy Harvesting
Optical Properties in the 
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Fig. 1.3 Sketch of the physics of new noncrystalline solid tellurite glass smart materials and their
latest applications
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oxide glasses need the high thermal stable glasses with narrower bandgap. It should
be noted that any suggestion for optical applications needs precise determination of
optical properties such as energy bandgap, which effect on the evaluation of other
related optical parameters and so in optical device manufacturing and applications;
in the case of bandgap determination, derivative absorption spectrum fitting method
(abbreviated as DASF) has been recently proposed; this method is briefly introduced
in this work. Also, such thermal stable glasses with good thermoelectric properties
are promising materials which can be used in solar cells and photovoltaic
(PV) panels as heat pumps to elevate the PV efficiency. An attempt has been made
to discuss these subjects, giving more light in the field of optothermal aspects.

Chapter 6 presented the effect of gold nanoparticles (Au NPs) in optical proper-
ties in the presence of gold nanoparticles. The homogeneous distribution and growth
of spherical and non-spherical Au NPs (average size ~3.36 � 0.076 nm to
~10.62 � 0.303 nm) in the glassy matrix were evidenced from the transmission
electron microscopy (TEM) analysis. The UV-Vis-NIR absorption spectra showed
nine bands corresponding to transition bands from ground state 6H5/2 to excited
states 6P3/2,

4I11/2,
6F11/2,

6F9/2,
6F7/2,

6F5/2,
6F3/2,

6H15/2, and
6F1/2 in which the most

intense bands were 6F9/2,
6F7/2,

6F5/2, and
6F3/2. Authors assert that these tellurite

glass nanocomposites can be used for developments of the solid-state lasers and
nanophotonics applications. Also, Chap. 7 discussed the optical properties of zinc
oxyfluorotellurite glasses doped with rare-earth ions and current challenges faced in
this field. Zinc-tellurite glasses are among the most important heavy metal glass
compositions with a wide range of excellent structural, thermal, chemical, and
optical properties. When doped with rare-earth ions, zinc-tellurite glasses show
superior properties than those of other glass compositions, such as wide broadband
luminescence and efficient upconversion emissions of Er3+ ions, as well as high rare-
earth solubility, which facilitate the incorporation of sensitizers such as Ce3+ and Yb
3+ ions. When modified with some fluoride components, the optical and thermal
stability of rare-earth-doped zinc-tellurite glasses do not change drastically, while
the average phonon energy stays in a low-range energy, and the excited state lifetime
of the rare-earth ions increases due to the different site symmetries provided by F×1

ions, rather than O×2 ions. The recent developments in the oxyfluorotellurite glasses
doped with different lanthanides are given in this chapter, which are compared to
those achieved with the zinc-tellurite oxide glasses. Moreover, Chap. 8 is a review of
the fundamentals of thermometry by luminescence spectroscopy, the theoretical
background to calculate the thermal sensibility of rare-earth ion-doped materials,
and some examples of the thermometry done on tellurite glasses as well as some
other host matrices. For example, Er3+-doped tellurite glasses are given as thermal
sensors applied in the visible spectral region, where the fluorescent intensity ratio of
two green emission bands plays the role to optically determine the temperature. On
the other hand, Nd3+ ion-doped glasses could be used to measure the temperature in
the near-infrared region, using the intensity ratio variations of principal emissions in
the 800–1400 nm spectral range. Thermal sensibility of each case is compared to
various glass host compositions.
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Chapter 9 reviewed the NIR emission properties of RE3+ ions in multicomponent
tellurite glasses. The chapter includes some important tellurium-based glasses as
potential host materials for RE3+ ions having near-infrared (NIR) emissions. The
influences of the composition on the spectral as well as laser parameters of certain
rare-earth transitions investigated by several researchers are also detailed so as to
apply them in a wide variety of practical applications. It also covers some basic
theories necessary to explain the spectroscopic features of interest, the required
experimental evidences, and the representative data related to the topic from the
previous reports. The recent developments in the intensification in NIR lumines-
cence of lanthanide-embedded tellurite-based hosts due to the co-doping of the metal
nanoparticles are also addressed.

Chapter 10 presented tellurite glasses, solar cell, and laser and luminescent
display applications to meet the increasing energy demand, respectively. This
chapter reviewed recent results of the management of the solar spectrum on a solar
cell using rare-earth ion-doped TeO2-ZnO glasses, with and without metallic
nanoparticles, as a cover slip. Transparent rare-earth-doped materials as glasses
can absorb light at shorter wavelength and emit light at longer wavelengths, the
well-known downconversion process; besides they have the advantage of easy
preparation and high doping concentration of rare-earth ions. In this context tellurite
glasses appear as potential candidates because of their wide transmission window
(400–5000 nm), low phonon energy (800 cm×1) when compared to silicate, and
thermal and chemical stability. Few vitreous hosts have been investigated to be used
as cover slip to enhance the performance of conventional solar cell; so the lack of
studies using rare-earth-doped glasses on the top of standard solar cells has moti-
vated the recent reports that are reviewed in this chapter. The role of the
downconversion process to increase the solar cell efficiency has been achieved. It
is shown that the management of Tb3+ and Yb3+ ion concentration can be optimized
to modify the solar spectrum and consequently increase the solar cell efficiency. It
was demonstrated that plasmon-assisted efficiency enhancement could be obtained
for commercial Si and GaP solar cells, respectively, covered with Eu3+-doped TeO2-
ZnO glasses with silver nanoparticles. Tellurite glasses have also proven to be
adequate hosts for rare-earth ions and for the nucleation of metallic nanoparticles
(NPs). Also this chapter reviewed results of the modification introduced by different
Nd2O3 concentrations on the laser operation of TeO2-ZnO glasses. The control and
improvement of the photoluminescence efficiency due to the nucleation of gold NPs
in Yb3+/Er3+-doped TeO2-PbO-GeO2 glasses are also reviewed. It is shown that the
nucleation of silver NPs in Tb3+-doped TeO2-ZnO-Na2O-PbO glass contributes for
the large enhancement in the blue-red spectrum.

Moreover, Chap. 11 presented lanthanide-doped tellurite glasses for solar energy
harvesting. Lanthanide-doped materials exhibit the high photoluminescence quan-
tum yield (PLQY) in the visible and near-infrared regions. Recently, these materials
can be integrated with Si solar cells to create an additional electron hole pairs
through optical conversion (upconversion and downconversion) processes. How-
ever, it is crucial to identify the suitable materials which convert light energy into
electrical energy. Lanthanide-doped tellurite glasses have the advantages over other
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low phonon energy materials (i.e., fluoride glasses) that exhibit the properties
including low phonon energy, wide transmission (ranging from visible to infrared
region), and high refractive index. Low phonon energy of tellurite glasses favors in
the enhancement of photoluminescence quantum yield for optical conversion. More-
over, high PLQY glasses could be employed on the top and bottom of PV cells to
improve the photocurrent further. In addition, TiO2-modified lanthanide tellurite
glasses may also enrich the photocatalytic activity in the visible region of electro-
magnetic spectrum.

Finally, Chap. 12 showed the development of bioactive-based tellurite-lanthanide
(Te-Ln)-doped hydroxyapatite composites for biomedical applications. The research
on lanthanides materials for medical applications is promising. Consequently, inves-
tigations into the role of Te-Ln-HA host scaffold materials for bone repair is a
relatively new approach that deserves a special attention. Human skeletal bone
loss is a major health concern in the twenty-first century, with massive socioeco-
nomic implications. The objective is to develop bioactive-based tellurite glasses for
biomedical applications. In this study, tellurium oxide (TeO2) and lanthanide (Ln

3+)-
doped borate host systems have been developed and incorporated in the hydroxy-
apatite (HA) matrix in vitro biological studies. In the proposed work, the following
scientific questions will be addressed:

• Whether the tellurite-lanthanides (Te-Ln) host glasses reinforced hydroxyapatite
(HA) ceramic materials can influence the cell behavior, such as proliferation,
differentiation, and apoptosis?

• Does the proposed system show any toxicity on cells?
• Impact of Te-Ln on cell/tissue surface architectural integrity and how the mate-

rials will react with bacterial adhesion property and monitoring the growth of the
major bacteria (e.g., E. coli, Staphylococcus aureus, Staphylococcus epidermidis,
and Pseudomonas aeruginosa) that are known to be involved in orthopedic
implant-associated infections.

• Does this Te-Ln material will show any luminescence response?
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Chapter 2
Radiation Shielding Properties of Tellurite
Glasses

Raouf El-Mallawany

Abstract This chapter summarizes the shielding properties by simulation for
tellurite glasses to show their superior properties. The radiation shielding properties
of the present glasses such properties as density, shielding parameters: mass atten-
uation coefficient, μ/ρ , line attenuation coefficient, μ, effective atomic numbers, Zeff,
half value layers, HVL, mean free path, MFP and Exposure buildup factors, EBF
have been collected. Values of the mass attenuation coefficient have been computed
using WinXCOM program.

2.1 Introduction

Glass-forming region, optical spectroscopy, thermal, electrical, mechanical prop-
erties, investigation and evaluation of photon attenuation coefficients and evalua-
tion radiation shielding properties of tellurite glasses have reported [1–20]. Now,
neutrons, gamma-rays and X-rays are used widely in the world in many applica-
tions, for example, food irradiation, environmental protection, manufacture, ele-
mental analysis, medical therapy, etc. However, the exposure for long times to the
high penetrating radiation such as gamma rays may cause genetic mutations,
cancer, and death. So it is necessary to choose suitable shielding materials to
protect people from these harmful rays [21–26]. Concrete shields are used widely
for shielding harmful rays [27–30]. However, during the period of using the
concrete, the water contained in concrete would be lost. This would be harmful
for the structure of concrete. Also, the use of concrete is limited [31]. Glasses
would be suitable to make up for the defect of concrete. Besides, glasses are easy
to make transparent, have a wide range of composition, and easy to shape. What’s
more, some good elements for neutron shielding or gamma ray/X-ray shielding
could be added into glass materials. Boron element is easy to add into glass and is
good for neutron shielding [32].
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Radiation interacts in an absorbing medium to deposit energy which is defined as
the absorbed dose, and, when weighted according to the damaging effect of the
radiation type, the term effective dose equivalent. A related term is radiation
exposure, which applies to air only and is a measure of the amount of ionization
produced by X-rays and gamma radiation in air. Radiation dose can be calculated if
three things are known [33]:

(a) The mass of the medium being irradiated
(b) The number of “radiations” per unit area (the flux) that impinge on the mass
(c) The amount or rate of energy deposition in the mass specified

For particles, the mass in which the energy is dissipated is just the depth of
penetration; for photons, it is necessary to use a unit depth (e.g., 1 cm) due to the
probabilistic pattern of interactions represented by the mass energy absorption
coefficient (μen/ρ) (cm

2/g), where μen is the absorption coefficient (cm�1) and ρ is
the density (g/cm3) of the shielding material. All emitted radiations must be consid-
ered in this process, and adjustments should be made for any attenuating medium
between the source and the point of interest. Various materials, placed between a
source and a receptor, can affect the amount of radiation transmitted from the source
to the receptor. Such effects are due to attenuation and absorption of the emitted
radiation in the source itself, in material used for encapsulation of the source, or in a
shielding barrier. Regardless of how it occurs, shielding is an important aspect of
radiation protection since it can be a form of radiation control; therefore, the features
of shields and their design, use, and effectiveness warrant specific consideration.

It is worth noting that even though various aspects are straightforward, radiation
shielding is a very complex discipline for many radiation sources and the many
geometric configurations in which they may occur. Therefore, this presentation
focuses on straightforward configurations of point sources, line sources, and area
and volume sources which fortunately can be used conservatively to address most of
the situations encountered in practical radiation protection. Many shielding problems
can be treated in terms of one of these configurations, and in general the exposure
will be slightly overestimated such that shield designs would be conservative
[33]. For any shielding material, the knowledge of physical parameters such as
mass attenuation coefficient, μ/ρ; linear attenuation coefficient, μ; effective atomic
numbers, Zeff; half value layers, HVL; mean free path, MFP; and exposure buildup
factors, EBF, is essential for understanding the radiation shielding properties.

2.2 Mass Attenuation Coefficient, μ/ρ

Interactions of photon during its passage through a matter will experience attenua-
tion, and its intensity reduces exponentially according to the well-known Beer-
Lambert law as given by the next equation:

I ¼ Ioexp �μx½ � ð2:1Þ
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where I and Io represent the transmitted and incident radiation intensity, respectively,
μ represents the linear attenuation coefficient (cm�1), and x is sample mass thick-
ness. The mass attenuation coefficient (μ/ρ) can be used to measure the probability
for interactions that happens between the incident photon and matter per unit mass
per unit area. The (μ/ρ) values of the present glass systems can be evaluated
according to the next formula [34]:

μ=ρ ¼
X
i

wi μ=ρð Þi ð2:2Þ

wi, represents the fractional weight of the i
th constituent in the glass system and ρ is

the density of the shielding medium, and (μ/ρ)i of the glass systems were evaluated
using WinXCOM program [35]. This software is able to give partial cross sections,
total cross sections, and attenuation coefficients for different interaction processes,
such as incoherent and coherent scattering, photoelectric absorption, and pair pro-
duction. By substituting the chemical composition or weight fraction of mixture, the
mass attenuation coefficient of the selected glass samples will be generated in the
energy range of 1 keV–100 GeV.

Values of mass attenuation coefficient have been reported using WinXCOM
program within the energy range 0.01MeV–20 MeV for selected tellurite glass
samples in the form of:(100-x)TeO2–xMoO3, where x¼ 20, 30, 45, 50 mol% [20],
TeO2-AnOm, TeO2-WO3-BnOm, TeO2-WO3-Er2O3-PbO, where AnOm¼La2O3,
CeO2, Sm2O3, MnO2, CoO3, Nb2O5, where BnOm¼Er2O3, La2O3, Sm2O3, CeO2

[36], 80TeO2–5TiO2–(15� x) WO3–xAnOm, where AnOm is Nb2O5¼ 0.01,
5, Nd2O3¼ 3, 5, Er2O3¼ 5 mol% [37], TeO2-V2O5, TeO2-V2O5-TiO2, TeO2-
V2O5-CeO2, TeO2-V2O5-ZnO [38]. The mass attenuation coefficient (μ/ρ) values
of the binary molybdenum tellurite glass as a function of incident photon energy
are listed in Table 2.1. The low photon energy and the μ/ρ values are
� 1 {1.256–0.037 cm2 g�1 and 1.058 to 0.035 cm2 g�1 for 80TeO2-20MoO3 and
50TeO2-50MoO3}. The (μ/ρ) values are large in the low-energy region ~ 120 cm2/g
for the binary tellurite glasses with 10 mol% La2O3, CeO2, or Sm2O3 and in the order
of 110 cm2/g for the other samples. Previously, it has been found that the calculated
(μ/ρ) of 80TeO2-20Bi2O3, 85TeO2-15Bi2O3 [39], and 80TeO2-20WO3 [40] are
higher than 80TeO2-20V2O5, 80TeO2-20K2O [41]. It was worth noting that the (μ/
ρ) values for photon energy greater than 0.1 MeV. The (μ/ρ) of the selected tellurite
glasses is close to 5PbO-45BaO-50B2O3 [42] and lower than 50BaO-50Brosilicate
[43] and 70PbO-30SiO2 [39–44] glasses.

Also, the mass attenuation coefficient μ/ρ of the 80TeO2–5TiO2–(15 � x)
WO3-xAnOm, where AnOm is Nb2O5 ¼ 0.01, 5; Nd2O3 ¼ 3, 5; and Er2O3 ¼ 5
mole % [37], is given in Table 2.1. From Table 2.1, it can be noticed that for the
selected glass systems, the mass attenuation coefficient indices increased in the order
5Nb2O5 < 0.01Nd2O3 < 3Nd2O3 < 5Er2O3 < 0.01 Nb2O5, and it is clear that by
changing the types of rare-earth oxides as well as their concentration, it is possible
to change the mass attenuation coefficient values, which indicate the influence of
the rare-earth oxides in enhancing the shielding properties of the tellurite glasses.
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Also, mass attenuation coefficient of TeO2-V2O5 and TeO2-V2O5-TiO2 [38] glasses
is given in Table 2.1. The mass attenuation coefficient μ/ρ values are influenced by
V2O5 concentration and photon energy, and for all V2O5 concentration, the (μ/ρ)
values were decreased exponentially with the increase of energy. Moreover, it is
clear that at lower energies, the total interaction of photons with all glasses is high,
while at higher energies, it decreases which indicates that the transmission of photon
increases through the glass samples. Also, it can be observed that the (μ/ρ) values are
decreased with the increase of V2O5 content for all energies. From this figure it is
clearly that the (μ/ρ) of all glasses reduce very sharply as the photon energy
decreases from 0.01 MeV to 0.02 MeV. The (μ/ρ) of tellurite glass with 10 mol%
V2O5 was found to decrease from 114.11 cm2/g to 17.08 cm2/g, while in tellurite
glass with 50 mol% V2O5, it decreases from 96.01 cm2/g to 14.55 cm2/g. Figure 2.1
represented the (μ/ρ) of some selected tellurite glasses in comparison with silicate
and borate glasses for 0.01 MeV.

In the low-energy region (E < 0.01 MeV), the (μ/ρ) values decrease very sharply
due to photoelectric effect. Photoelectric effect predominates at low photon energy
as its cross section changes with atomic number (~Z4–5) and energy (~1/E3). Hence,
glasses have highest (μ/ρ) values in this energy region where photoelectric effect
dominates and the values of (μ/ρ) decrease as energy increases. This would imply
that if there is an increase in the energy of the gamma ray (incident photon energy),
there would be a decrease in the attenuation and thus leads to more penetration of
the gamma ray in the glass. The variation in (μ/ρ) values with energy can be
explained by microscopic photon interactions (photoelectric absorption, Compton
scattering, and pair production) as the interaction cross section depends upon atomic
number and photon energy. The interaction cross section is directly proportional to
(Zn/E3) where n ¼ 4.0 to 4.5 (Z is atomic number) for photoelectric absorption in
low-energy region (region of less than 100 keV); therefore, (μ/ρ) values for the glass
samples decreases sharply. In Compton scattering region (photon energy range of

Table 2.1 Glass composition, density ρ (g/cm3), and mass attenuation coefficient (μ/ρ) cm2 g�1 in
different energies for some tellurite glasses

Glass
Density
g cm�3

(μ/ρ)
cm2 g�1

Energy
MeV (μ/ρ) cm2 g�1

Energy
MeV

80TeO2-20MoO3 5.01 [45] 1.256 [20] 0.1 0.037 15

50TeO2-50MoO3 4.6 [45] 1.058 [20] 0.1 0.37 15

90TeO2-10La2O3 5.685 [46] 120 [36] 0.01 0.05 5

90TeO2-10CeO2 5.706 [46] 120 [36] 0.01 0.05 5

90TeO2-10Sm2O3 5.782 [46] 110 [36] 0.01 0.5 5

80TeO2-5TiO2-10WO3-5Nb2O5 5.424 [47] 108.86 [37] 0.01 0.03364 5

80TeO2-5TiO2-10WO3-5Nd2O3 5.750 [47] 115.8 [37] 0.01 0.03385 5

80TeO2-5TiO2-10WO3-5Er2O3 5.896 [47] 119.59 [37] 0.01 0.03392 5

90TeO2-10V2O3 5.213 [48] 114.1 [38] 0.01 0.033 5

50TeO2-50V2O3 4.1 [48] 94.58 [38] 0.01 0.031 5

50TeO2-40V2O3-10TiO2 4.062 [49] 87.79 [38] 0.01 0.029 5
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100–800 keV), the interaction cross section is dependent upon (Z/E), whereas cross
section is directly proportional to (Z2/lnE) for pair production (for energy of more
than 1 MeV).

2.3 Effective Atomic Numbers, Zeff

Effective atomic number, Zeff, is an appropriate quantity for describing gamma ray
interactions and can be defined by relations [50]:

Zeff ¼ σa
σe

ð2:3Þ

where σa and σe are the total atomic cross section and the total electronic cross
section, respectively, which can be calculated by using the following relations:

σa ¼ μ=ρ
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Fig. 2.1 Mass attenuation coefficient (μ/ρ) of some selected tellurite glasses in comparison with
silicate and borate glasses for 0.01 MeV
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where Ai, Zi, and fi are, respectively, the atomic weight, the atomic number, and the
fractional abundance of element i and NA represents the Avogadro constant.

Recently, Zeff for some tellurite glasses have been published in detail in the
energy range 0.1–10 MeV [20, 36–38]. The behavior of Zeff for all glasses is almost
identical, and it can be observed that the addition of rare-earth oxides (REO) (Nb2O5,
Nd2O3, and Er2O3) leads to the increase of the effective atomic number, which
emphasizes our estimation that the addition of REO to the present glasses improves
the shielding properties of these glasses (Table 2.2).

The behavior of Zeff has been explained on the basis of dependence of cross section
of photoelectric process which varies inversely with the photon energy [38]. Values
Zeff reach minimum value in the energy range 1–3MeV [20, 36–38]. This may be due
to dominance of the Compton scattering process, where the interaction cross
section is directly proportional to atomic number Z [20, 36–38].

2.4 Half Value Layers, HVL, and Mean Free Path, MEP

Half value layer (HVL) and mean free path (MFP) are convenient parameters to
represent gamma ray interactions of a material. The HVL is the thickness of a
particular material needed to decrease the intensity of photon to 50% of its initial
value, while the MFP is the average distance traveled by a photon in the medium
before an interaction occurs [40]. The HVL and MFP of the present glasses were
calculated using the next equations:

HVL ¼ 0:693
μ

ð2:6Þ

MFP ¼ 1
μ

ð2:7Þ

where μ (cm�1) is the linear attenuation coefficient which is equal to multiplication
of mass attenuation coefficient value and density of the glass sample.

Table 2.2 Zeff for some tellurite glasses at 0.1 MeV and 10 MeV

Glass composition mol% Zeff (0.1 MeV) Zeff (10 MeV)

80TeO2-5TiO2-10WO3-5Nb2O5 [36] 48.931 30.360

80TeO2-5TiO2-10WO3-5Nd2O3 [36] 43.539 33.626

80TeO2-5TiO2-10WO3-5Er2O3 [36] 39.014 33.263

80TeO2-20WO3 [40] 43.465 33.831

80TeO2-20V2O5 [38] 53.849 22.127

80TeO2-20ZnO [41] 47.779 28.295

80TeO2-20MoO3 [20] 47.747 29.329

50TeO2-50MoO3 [20] 40.222 28.066

80TeO2-20V2O5 [38] 38.19 22.12
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Both HVL and MFP for tellurite glasses have been published in detail in the
energy range 0.1 MeV to 10 MeV [20, 36–38]. It has been shown that HVL are
influenced by chemical contents of the glasses and incident photon energy, while at
lower photon energy (E < 0.1 MeV), the HVL values of the three glass systems are
very small. As the incident photon energy increases, the HVL values increase rapidly
and reach maximum value at 7 MeV and then start decreasing with further increase
in photon energy [20, 36–38]. Some selected values of HVL are tabulated in
Table 2.3. The mean free path has opposite behavior for the present noncrystalline
solids and tellurite glasses [20, 36–38].

For certain energy, smaller HVL values mean more efficiency of the sample to
attenuate the gamma ray photons. Therefore, the lower value of HVL is the better
shielding capabilities. From Table 2.3 it can be seen that 80TeO2-5TiO2-10WO3-
5Nd2O3, 80TeO2-5TiO2-10WO3-5Er2O3, and 80TeO2- 20PbO [36] glass systems
show lower value of HVL which indicated that they provide superior shielding from
gamma rays than the other prepared glasses.

2.5 Removal Cross Section for Fast Neutrons (∑R)

The removal cross section for fast neutrons ∑R is the probability of a neutron
undergoing certain reaction per unit length of moving through the shielding material
and can be given by the expression:

X
R
¼
X
i

Wi

X
R
=ρ

� �
i

ð2:8Þ

where ∑R/ρ (cm2/g) and Wi represent the mass removal cross section of the ith
constituent and the partial density (g/cm3), respectively. The removal cross sections
for fast neutrons (∑R) for the selected glass systems can be calculated by using the
next equation [51]:

X
R
¼ Wi

X
R
=ρ

� �
i

ð2:9Þ

where Wi is the partial density (g/cm3) and ∑R/ρ (cm
2/g) is the mass removal cross

section of the ith constituent obtained from the literature data [52, 53].

Table 2.3 HVL for some tellurite glasses at 0.1 MeV and 10 MeV

Glass composition mol% HVL (0.1 MeV) HVL (10 MeV)

80TeO2-5TiO2-10WO3-5Nd2O3 [36] 0.077 3.399

80TeO2-5TiO2-10WO3-5Er2O3 [36] 0.073 3.303

80TeO2-20MoO3 [20] 0.110 4.034

80TeO2-20PbO [27] 0.051 2.942
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The removal cross section for fast neutrons ∑R for tellurite glasses has been
published [20, 36–38]. Table 2.4 shows values of ΣR for 80TeO2-5TiO2- (15-x)WO3

glass and x¼ 0.01 Nb2O5, 5Nb2O5, 3 Nd2O3, 5 Nd2O3 and 5 Er2O3 mol%, respec-
tively. The highest values of ΣR were found for 5 Nd2O3 and 5 Er2O3 which possess
the maximum densities; this indicates that the density of the glass is an important
parameter affecting neutron attenuation. Values of ΣR of 70Ba–30SiO2 were
0.065 cm�1 [54]. Form this, it has been concluded that the 80TeO2-5TiO2-
10WO3-5Nd2O3 and 80TeO2-5TiO2-10WO3-5Er2O3 glasses are the most effective
for neutron shielding than the other glasses in this work.

2.6 Exposure Buildup Factors, EBF

The exposure buildup factors, EBF, and the G-P fitting parameters were used to
calculate the EBF of glasses as follows:

B E;Xð Þ ¼ 1þ b� 1
K � 1

Kx � 1ð Þ for K 6¼ 1

B K;Xð Þ ¼ 1þ b� 1ð Þx for K ¼ 1

where,

K E; xð Þ ¼ cxa þ d
tan h x

XK
� 2

� �
� tan h �2ð Þ

1� tan h �2ð Þ for x � 40 mfp ð2:10Þ

where E is the incident photon energy, x is the penetration depth in mfp, and a, b, c,
d and Xk are the G-P fitting parameters. The exposure buildup factors, EBF, for
tellurite glasses have been published [20, 36–38]. The values of EBF are tabulated in
Table 2.5.

Table 2.5 shows as an example of the variation of EBF for some binary molyb-
denum tellurite glasses [20]. The EBF values increase with increasing penetration

Table 2.4 Removal cross section for fast neutrons ∑R and density for some tellurite glasses

Glass composition mol% (∑R) cm
�1 Density

80TeO2-5TiO2-15WO3 [36] 0.09910

80TeO2-5TiO2–14.99WO3–0.01Nb2O5 [36] 0.101623 5.332

80TeO2-5TiO2-10WO3-5Nb2O5 [36] 0.104939 5.424

80TeO2-5TiO2-12WO3-3Nd2O3 [36] 0.10723 5.633

80TeO2-5TiO2-10WO3-5Nd2O3 [36] 0.109385 5.750

80TeO2-5TiO2-10WO3-5Er2O3 [36] 0.111788 5.896

70Ba-30SiO2 [54] 0.65
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depths for glass samples at the selected energies (0.015 and 15 MeV). The EBF
values increase as MoO3 content increase in the tellurite glass. At lower energy a
significant variation is observed in the EBF between 1 and 40 mfp for the glass with
different percentages of 20MoO3 mol% and 50MoO3 mol% which is explained by
the fact that photoelectric effect is dominant in the low-energy regions and the
probability of Compton scattering is nearly negligible.
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Chapter 3
Tellurite Glass Materials for Energy
Conversion Technology and Lasers Devices

Luiz Carlos Barbosa, Cicero Omegna Filho, and Enver Fernandez Chillcce

Abstract Tellurite glass materials present greater potential applications for solar
energy technology and laser devices, it is, because these materials present very
efficient optical and physical properties. Tellurite glasses doped with PbTe, CdTe,
and rare-earth materials are considerable, due to their practical importance in
technological applications such as integrated optics, optoelectronics, lasers, broad-
band optical amplifiers, and solar energy conversion. The challenges in the solar
energy technology research are to increase the conversion efficiency compared with
that of silicon solar cells and consequently to make them more cost-effective for
commercial applications. Tellurite glasses doped with rare earths were demonstrated
as very broadband optical amplifiers and laser devices. In this chapter we are
involved with study of optical and physical properties of these tellurite glass
materials.

3.1 Introduction

Tellurite glass materials present greater potential applications for solar energy
technology and laser devices, it is, because these materials present very efficient
optical and physical properties. Tellurite glasses doped with PbTe, CdTe, CdTeS,
and rare-earth materials are considerable, due to its practical importance in techno-
logical applications such as, integrated optics, optoelectronics, lasers, broadband
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optical amplifiers, and solar energy conversion. The challenges in the solar energy
technology research are to increase the conversion efficiency compared with that of
silicon solar cells and consequently to make them more cost-effective for commer-
cial applications. Tellurite glasses doped with rare earths were demonstrated as very
broadband optical amplifiers and laser devices. In this chapter we are involved with
study of optical and physical properties of these tellurite glass materials.

3.2 Formation and Growth of Semiconductor Nanocrystals
in Glasses

The concept of “integrated glass substrate” seems to be an interesting approach for a
flat glass producer to support the lighting industry and to participate on a fast-
growing market in the future.

The current status of important application of glass in the energy conversion tech-
nology was photovoltaic industry and role of glass for reducing the cost of solar
energy. Photovoltaic conversion of sunlight into electricity is a versatile process that
currently contributes to world energy demand moderately. There have been signif-
icant research and technological development (RTD) efforts at every stage of the
photovoltaic value chain across the world. Over the last two decades, appreciable
technological improvements and sustained growth in production volume have
resulted in price reduction beyond expectations. This in turn has made photovoltaic
power the third most important renewable energy source after hydro and wind
powers. Photovoltaic power systems (PVPS) connected to the grid have increased
from about 17GWp (2010) to almost 30GWp (2011) in a year. In 2011, the total
global installed PVPS reached ~70GWp producing ~ 85TWh electrical energy,
which is equal to the production capacity of 12GW nuclear power plants. Over the
years, the West has dominated RTD, materials and components production together
with system installation activities in the field of PV. However, in recent years while
the major parts of RTD and PVPS installations have remained in the West, produc-
tion has shifted toward the East. The foreseen price decrease currently being in the
PV value chain seems to continue over the medium and long terms. Thus, depending
on when and where the correct policies are implemented, photovoltaic power could
become more competitive with conventional electrical energy production technolo-
gies starting from sun-belt countries.

There are currently many large-scale international efforts for improving the
consumer acceptance of energy conversion technology (PV modules and systems).
At the crystalline silicon or thin-film module level, performance improvement and
cost reduction are the primary targets. Over the last decade, efficiencies of the best
crystalline silicon cells, CuIn(Ga)S(Se), i.e., CIGS cells, CdTe cells, and thin-film
silicon cells, have improved by 5.5%, 4.6%, 5.1%, and 3.9%, respectively. There has
also been notable progress in the technology to stabilize crystalline and thin-film
modules. In an attempt to reduce cost of per Wp in photovoltaic conversion, an
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improvement of cell efficiency is just one parameter, and the main cost factors
related to all production materials and technologies need to be considered.

Glass is used in crystalline photovoltaic module as a protective and supporting
layer, but in thin-film modules, glass also serves as the substrate or superstrate. In a
recent evaluation, the relative cost fraction of glass is about 10% in crystalline Si
modules and almost 25% in thin-film modules. Recent estimates for the total
material cost of a 0.24€/Wp for CIGS modules is dominated by the cost of glass
(0.10€/Wp) [1]. Thus research and technological developments in glass for PV play
a major role in the future of the photovoltaic industry.

The presentation aimed on the discussion of the status and future prospects of the
photovoltaic value chain together with the role of glass and glass RTD for photo-
voltaic module production. Accordingly, suitable technological developments will
be required in production and coatings processes for improved optical, mechanical,
and chemical properties of PV glasses parallel to energy conversion technology
(RTD activities) in float glass, despite the functional glasses: properties and appli-
cations for energy and information.

Despite the growing economy, which is combined with an increasing demand for
energy, the chronic overcapacity in the worldwide PV production led to profitless
prosperity in the year 2012. Since currently the material cost, PV modules is
dominated by flat glass, measures for cost reductions are in the focus and should
be considered for future developments too. In particular for the PV industry, cost-
effectiveness for solar float glass has to be realized, together with higher transmis-
sion, an increased mechanical stability, and higher degree of flatness and homoge-
neity. Furthermore, an easy application of antireflective coatings, prevention of
corrosion layer, a better processability (cutting, grinding, and tempering), and an
efficient production of large quantities have to be possible.

By the way, in energy conversion technology, advances and maturation followed
by their wider implementation will increase the capture and repurposing of readily
available waste-energy sources. A number of technologies and prototypes exist for
converting heat energy into electrical energy. Conventional technologies for elec-
tricity generation from heat recovery rely on boiling liquids to produce steam that
drives turbines. For lower-temperature waste heat, there are variations that use other
fluids and their associated gases. In organic generators, working fluids such as
propane or toluene are used and have lower boiling points. A number of candidate
fluids and applications are discussed in a review by Tchanche et al. [1]. These has
cost and complexity advantages over a typical steam cycle, including the avoidance
of superheating; this comes at the expense of maximum efficiency of 24%, compared
to more than 30% efficiency for its water-based counterpart.3 A number of manu-
facturers produce ORC systems at costs estimated in the $2–$3 per watt range
compared to $1.10–$1.40 per watt.

The most common materials used today are alloys of chalcogenides (materials
with a chalcogen or IUPAC group 16 anion). Specifically, these materials are either
based on bismuth telluride (Bi2Te3) or lead telluride (PbTe). Bi2Te3 can be alloyed
with Bi2Se3 to form n-type Bi2Te3-xSex and with Sb2Te3 to form p-type BixSb2-
xTe3. PbTe can be alloyed with PbSe to form p-type PbTe1-xSex and with SnTe to
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form n-type Pb1-xSnxTe. PbTe has been used successfully by the National Aero-
nautics and Space Administration (NASA) as radioisotope thermoelectric generators
(RTGs) but has been rejected by all current power generation projects because of the
lead content and poor mechanical properties during thermal cycling under variable
temperature gradients and glasses with high refractive index as tellurite glasses
doped with rare-earth compound.

3.3 Formation and Growth of Semiconductor Nanocrystals
in Glasses

In the past, it was demonstrated that high nonlinearity optical materials are of great
interest for optical communications. Glasses doped with nanocrystals (CdTe, PbTe,
CdSe, CdS, and others) show large optical nonlinearities and fast responses (at a
femtosecond time scale). The growing of these nanocrystals is now well understood,
and good control of the sizes and size dispersions has been demonstrated. PbTe
materials, with a bandgap of approximately 3.8 μm, have been used as the well
material in quantum wells and confined levels at wavelengths down to 2.6 μm.
Figure 3.1a shows a series of absorption spectra for the samples with glass matrix
containing Si02, ZnO, Al203, and Na2O [2]. This matrix is doped with 1.5% of
PbO and metallic Te. The component materials were heated to 1350 �C and held
for 50 min. The melt is then quenched between two stainless steel plates. The
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Fig. 3.1 (a) Absorption spectra of PbO/Te-doped glass (SiO2, ZnO, Al, O, and Na2O) samples
annealed at 525 “C for 20, 30, 45, 60, and 90 min [1]. (b) Coefficient of optical absorption of the
glass-PbTe composites for ex situ isothermal treatment during the indicated time. (From Craievich
et al. [3])
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PbTe semiconductor nanocrystals are produced by a subsequent heat treatment,
where the sizes are controlled using different temperatures and times. In this series,
the nanocrystals were grown in two steps; first, the PbO/Te-doped glass samples was
preannealed for 17 h at 450 �C and then were annealed at 525 �C for 20, 30, 45, 60,
and 90 min. The two annealing temperatures were chosen to be close to the glass
transition temperature (Tg) and softening point temperature (Ts), respectively, as
shown in the inset of Fig. 3.1a. Figure 3.1b shows the optical absorption spectra of a
transparent lame (about 0.1 mm thick) glass sample [3] . The composition of the
glass sample is 52SiO2-8B203-20ZnO-20K20 doped with 2 wt% PbO and Te. The
glass sample was homogenized at 1623 K during 50 min and quenched to room
temperature. The glass sample was held at 923 K for different periods of time, such
as shown in Fig. 3.1b.

The experimental results (that correspond to Fig. 3.1b) indicate that nanocrystals
are nearly spherical and have an average radius increasing from 16 to 33 Å after 2 h
at 923 K. The shape and size distribution of the nanocrystals and the kinetics of their
growth were studied by small-angle X-ray scattering (SAXS) during in situ isother-
mal treatment at 923 K. The kinetics of nanocrystal growth is governed by the classic
mechanism of atomic diffusion. The experimental SAXS results suggest that
nanocrystals nucleate and grow as a consequence of the diffusion of isolated Pb
and Te elements through the glass matrix. Under this assumption, the average crystal
radius, R, is expected to have the simple time dependence given by: R2 ¼ Kt + R0,
where K is a constant and R0 is the initial nanocrystal radius. The experimental
values of R for increasing periods of time obey the potential law (R / t2), as can be
seen in Fig. 3.2. This result is consistent with the proposed mechanism of nanocrys-
tal growth by pure atomic diffusion up to about 1 h of heat treatment. As the
concentration of Pb and Te approaches the solubility limit, coarsening becomes
the predominant mechanism responsible for nanocrystal growth, and the time
dependence of the radius is no longer given by (R / t2) and becomes (R / t3).
The growth of the nanocrystals is governed by the classical atomic diffusion
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Fig. 3.2 Square of average
radius (R2) as a function of
time. (From Craievich et al.
[3])
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mechanism in the first stages and by coarsening in advanced stages of isothermal
heat treatment.

The glass matrix contains 47.66% SiO2,16.55% B203, 30.57% Na20, and 5.22%
ZnO (wt %) mixed with CdO, Te, and S in the Cd0.6Se 0.4 S0.6 stoichiometry. Forty
grams of fine powder were premixed and melted at t400 �C for 50 min. The molten
glass was rapidly quenched by pouring onto a brass plate to avoid the immediate
growth of semiconductor nanocrystallites. The photoluminescence spectra are
shown in Fig. 3.3b). Comparing to the first group, the curve of single annealing
shows no trap-related transitions. We also noticed a large change both in
photoluminescence peaks and intensity as we increased the second annealing time.
This is because of the increase in dot radii and the Te composition. The increase of
Te composition was verified by the decrease of photoluminescence efficiency. The
photoluminescence efficiency will not change with annealing time if the stoichiom-
etry is not changed. In our case, the total amount of S source is constant. As S source
was first used in the core growth, there would be less S than Te in the matrix during
the second annealing. The longer the second annealing is, the less S (or the more le)
source will be available. This is the cause of the gradual decrease of
photoluminescence intensity. Figure 3.6 shows the absorption spectra of the second
groups. The curves, except the lowest one, are shifted to aid clarity. Comparing with
the first group, the single annealed sample (a) was much improved. Figure 3.7 shows
the photoluminescence spectra of two samples, picked from Figs. 3.3 and 3.5, having
the same second treatment but with different first treatment. Both samples were
treated for 150 min during the second annealing. The difference between them is
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Fig. 3.3 (a) Absorption spectra of shell-core CdTeS quantum dots with 200 h annealing at 490 �C
and annealing time at 540 �C of (a) 0 min, (b) 30 min, (c) 150 min, and (d) 300 min. (b)
Photoluminescence spectra of shell-core CdTeS quantum dots with 200 h annealing at 490 �C
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[4])

34 L. C. Barbosa et al.



only the time of the first treatment. We can see that there is about 15 meV peak shift
between the shell-core structure and the shell-seed structure. As both samples have
the same second annealing, the amount of shell medium should be the same.
Therefore, the one with the longer time of first annealing would be expected to
have the larger size. If the shell and core have the same stoichiometry, the shell-core
structure will shift to the right side (lower energy) of the shell-seed structure.
Figure 3.7, however, shows a left side shift. This proves that the shell has more Te
than the core. In conclusion, we have shown that there is the possibility to make
structural quantum dots in glass-based materials by using a double annealing
process. The idea may be extended to grow a three-dimensional quantum well
structure inside a quantum dot in glass by, for example, a triple annealing process.
The present problem is that one should choose better ternary sources which have the
possibility to form distinctly different stoichiometry during different annealing
processes.

3.4 Photon Conversion Processes of Rare-Earth-Doped
Tellurite Glasses

The total solar power energy irradiated onto the Earth’s surface is about 100,000
terawatts, which is 10,000 times more than that consumed globally. Nowadays,
crystalline silicon (c-Si) photovoltaic (PV) cells are the most used among all types of
solar cells on the market; however, even for single crystalline silicon (Si) PV cells
with a rather small semiconductor bandgap (1.12 eV, corresponding to a wavelength
of ~1100 nm), the transmission loss of sub-bandgap photons can still amount to
about 20% of the sun’s energy irradiated onto the Earth’s surface. For photon
conversion processesee as PV cells with a larger bandgap, such as amorphous Si
(1.75 eV) solar cells, which are limited to absorb sunlight with wavelengths below
708 nm, they manifest even higher near-infrared transmission losses.

Yunfei Shang et al. [5] recently point that photon upconversion (UC) processes
provides a means to circumvent transmission loss by converting two sub-bandgap
photons into one above-bandgap photon, where the PV cell has high light
responsivity. The inability to absorb infrared (IR) light (700–2500 nm), which
constitutes 52% of the energy of the entire solar spectrum, forms the major energy
loss mechanism of conventional solar cells. Figure 3.4 schematically illustrates the
use of upconversion processes to convert the solar spectrum in the IR-Near IR
(NIR)-short visible range into the peak (~500 nm) of sun radiation. There are three
typical photon upconversion materials under investigation now outlined: rare-earth-
doped microcrystals and nanocrystals (RED-UC) , which usually work with wave-
lengths above 800 nm; triplet-triplet annihilation upconversion (TTA-UC, response
range λ < 800 nm) whereby the triplet states of two organic molecules interact with
each other, exciting one molecule to its emitting state to produce fluorescence; and
upconversion in quantum nanostructures (QN-UC, response range λ < 800 nm).
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Photon upconversion process (using rare-earth materials) may occur efficiently in
materials with high concentrations of rare earths. For this purpose, tellurite glasses
maybe be used to fabricate photovoltaic devices doped with high concentrations of
rare earths, it is, because rare earths are very soluble in tellurite glasses. Figure 3.5
shows the UV-VIS-IR attenuation spectra of Er3+-doped tellurite and Er3+-Tm3+-co-
doped tellurite glasses with high concentrations of Er2O3 and Tm2O3. The glass
matrix has the following composition: 70TeO2-19WO3-7Na2O-4Nb2O5 (%mol)
[5]. In this figure, the following curves correspond to tellurite glass samples doped
with: (a) 7500 ppm Er2O3, (b) 7500 ppm Er2O3 and 2500 ppm Tm2O3, (c) 7500 ppm
Er2O3 and 5000 ppm Tm2O3, (d) 7500 ppm Er2O3 and 7500 ppm Tm2O3,
(e) 7500 ppm Er2O3 and 10.000 ppm Tm2O3, and (f) 7500 ppm Er2O3 and
15.000 ppm Tm2O3. All curves show about 0.5 cm�1 minimum attenuation for
wavelength above 1000 nm, but, with the exception of the first curve (a), they were
vertically displaced arbitrarily to display more clearly the Tm3+ ions absorption
bands.

Figure 3.6 shows the luminescence spectra tellurite glasses samples, doped with
several concentrations of Er2O3 and Tm2O3 and excited with a 980 nm (120 mW)
diode laser. Each curve was normalized to the peak intensity of the (4S3/2! 4I15/2) Er
3+ level transition. The (2H11/2!4I15/2), (

4S3/2!4I15/2), (
4F9/2! 4I15/2), and (

4S3/2!4

I13/2) transitions of Er
3+ levels, as well as the (3H4! 3H6) transition of Tm3+ levels,

are observed for different T3m2O3 concentrations.

Fig. 3.4 The absorption and emission range of three types of upconvertion materials in reference to
solar irradiance spectrum: QN-UC (purple), upconvertion in quantum nanostructures; TTA-UC
(purple), triplet-triplet annihilation upconvertion; RED-UC (green), rare-earth-doped upconvertion
materials. (From Yunfei Shang et al. [5])
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The (4F9/2!4I15/2) transition intensity always increase with the Tm2O3 concen-
tration, while the (3H4!3H6) transition intensity increases up to 5000 ppm Tm2O
content and then decreases for higher concentrations.

Figure 3.7 also shows the absorption and emission processes and the energy
transfer processes ET1 (between 4I13/2 and

3F4), ET2 (between
4I9/2 and 3H4), and

ET3 (between
4F9/2 and

3F2) levels. When the Er3+-Tm3+-co-doped optical fiber is
pumped at 980 nm, the Tm3+ ion can only be excited by upconversion processes
followed by energy transfer, specially the ET3 and ET1 processes. On the other hand,
both ions can be excited directly from the ground state to the 4I9/2 and

3H4 levels,
when the Er3+-Tm3+-co-doped optical fiber is pumped 790 nm.

Narro-Garcia et al. [7] have reported upconversion studies by using tellurite glass
samples co-doped with Er3+ and Yb3+ ions. The glass compositions are indicated
Table 3.1.

Table 3.1 Glass (A–G): [69TeO2-24WO3-3Nb2O5-4Na2O] (mol%) + 2000 ppm Al2O3 (wt%)
+xEr2O3+yYb2O3 (ppm). Glass (H): [72.5TeO2-20WO3-1.5Nb2O5-6Na2O] (mol%) + 2000 ppm
Al2O3 (wt%)

Sample

Rare-earth composition (ppm)

x: Er2O3 y: Yb2O3

A 10.000 0

B 5000 20.000

C 10.000 20.000

D 15.000 20.000

E 10.000 40.000

F 0 100.000

G 0 0

H 0 0

Fig. 3.7 Absorption, emission, and energy transfer processes between Er3+ and Tm3+ energy
levels. Dark arrows represent processes when the Er3+-Tm3+-co-doped tellurite fiber is pumped with
980 nm laser and additionally dashed arrows when pumped with 790 nm laser only. (From Chillcce
et al. [6])
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Figure 3.8 shows the attenuation spectra of the tellurite glass samples ranging
from 450 to 1600 nm.The attenuation coefficient spectrum of the Er3+-doped tellurite
glass (curve A) clearly shows the characteristic transitions with its absorption peaks:
4I15/2! 4F7/2(486 nm), 4I15/2! 2H11/2 (520 nm), 4I15/2! 4S3/2(542 nm), 4I15/2! 4F9/
2(651 nm), 4I15/2! 4I9/2(796 nm), 4I15/2! 4I11/2(977 nm), and 4I15/2! 4I13/
2(1530 nm). On the other hand, the attenuation coefficient spectrum of the Yb3+-
doped tellurite glass (curve F) shows only the broadband transition 2F7/2! 2F5/2
(977 nm) that ranges from 900 nm to 1030 nm. Finally, the Er3+-Yb3+-co-doped
tellurite glass spectra (curves B, C, D, and E) show both Er3+ and Yb3+ level
transitions. Offsets in z axis were introduced to the spectra in order to observe the
attenuation bands. The average attenuation coefficient at 1350 nm is 0.53 cm�1. The
background attenuation of the tellurite glasses in the NIR and IR regions may be
described through the Rayleigh scattering and also the background attenuation in the
UV–Blue region may be considered as caused by the Urbach tail (Fig. 3.8).

Fig. 3.9 shows the visible and near-infrared (NIR) emission spectra, in the range
from 450 to 700 nm, of Er3+-Yb3+-co-doped glasses under 970 nm (diode laser)
excitation. Three strong visible bands centered at 526, 548, and 660 nm, respec-
tively, were observed, and the visible emission is due to the well-known
upconversion process. The overall intensity of the upconverted signal increases
monotonically with Yb3+ concentration but decreases with Er3+ being the maximum
at 5000 ppm of Er2O3 (see Fig. 3.9a, b). Figure 3.9a shows no increment of the signal
and is explained in terms of the optimization of Yb3+, while Figure 3.9b shows a
decrease of the signal which is presumable due to the quenching effect of Er 3+.

Fig. 3.8 Attenuation coefficient spectra of the tellurite glass samples from Table 3.1: (A) Er3+-
doped, (B, C, D, E) Er3+-Yb3+-co-doped, (F) Yb3+-doped, and (G, H) un-doped tellurite glass
samples. (From Narro-García et al. [7])
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The physical mechanism for both visible and NIR emissions can be described as
follows: both Er3+ and Yb3+ ions are excited directly by the 980 nm pumping signal.
However energy transfer (ET) is highly probably due to the larger absorption cross
section of Yb3+ and the quasi-resonance between the 2F 5/2-

2F7/2 and the
4I 15/2!4I11/

2 transition of Yb3+ and Er 3+, respectively. Part of the 4I11/2 excited ions relax
nonradioactive to the 4I13/2 level and from here relax to the ground state producing
the 1532 nm emission band. A second portion can be promoted to 4F7/2 by the ET
from the relaxation of another excited Yb3+ or Er3+ ion (excited state absorption
(ESA) mechanism). The 4F7/2 level ions decay nonradioactively to 2H11/2 and

4S3/2
due to phonon interactions. From here, the population decay to ground state pro-
ducing the green emissions centered at 526 and 548 nm. For the red UC emission,
population at 4S3/2 state may decay nonradioactively to the 4F9/2 state, and from there
the 4F9/2!4I15/2 transition results on the red emission at 657 nm. This red band is
also enhanced by increasing the concentration of both donor and acceptors. In this
case, a part of the population in the 4I13/2 level is promoted to 4F9/2 by the energy
transfer and ESA. These absorption, emission, and upconversion mechanisms,
which correspond to Er3+-Yb3+-co-doped tellurite glasses, are well represented in
Fig. 3.10.

From these results, that may be favorable to increase the efficiency of PV devices
via upconversion process, and then we may use tellurite glass materials doped with
several rare earths, such as Er, Tm, and Yb.
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Fig. 3.9 Attenuation coefficient spectra of the tellurite glass samples from Table3: (A) Er3+

� doped, (B, C, D, E) Er3+-Yb3+-co-doped, (F) Yb3+-doped, and (G, H) un-doped tellurite glass
samples. (From Narro-García et al. [7])
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3.5 PbTe Quantum-Dot Multilayers

Fabrication of PbTe quantum-dot multilayer is possible by using laser ablation
technique. E. Rodriguez et al. [8] have reported the fabrication of structures
containing layers of PbTe quantum dots (QDs) spaced by 15–20 nm thick SiO2

layers. In this case, the QDs were grown by the laser ablation of a PbTe target using
the second harmonic of Nd:YAG laser in an argon atmosphere. The SiO2 layers were
fabricated by plasma chemical vapor deposition using tetramethoxysilane as a
precursor. Figure 3.11a shows the low magnification cross-section image of the
11 layer structure obtained, while Fig. 3.11b shows a high-resolution image of the Si
substrate (right bottom corner) and the first QD layer. The Fourier transform shown
at insert (i) agrees with the 0.31 nm spacing of the [200] planes of the face-centered
cubic (fcc) PbTe structure. The presence of the rings in the electron diffraction
pattern shown at inset (ii) indicates that there is no preferential orientation of the QDs
inside the layers.

On the other hand, the influence of the ablation time on the size and size
distribution of the QDs was studied by high-resolution transmission electron micros-
copy. Figure 3.12a shows one QD grown with 30 s ablation time, where the
two-dimensional atom arrangement can be clearly seen. The Fourier transform of
the nanoparticle (inset) shows the [200] and [220] directions of the fcc PbTe structure.
Figure 3.12b shows the distribution with the average QDs diameter of 4.94 and
1.4 nm dispersion. Figure 3.13a shows the absorption spectra of the multilayer of
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Fig. 3.10 Energy level diagram of Er3+ and Yb3+ and the possible mechanism for electronic
transitions between the energy levels. (From Narro-García et al. [7])
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PbTe nanocrystals. The spectra were acquired at three lines P, Q, and R on the sample
(Fig. 3.13b), each corresponding to regions where the quantum dots have different
sizes.

Figure 3.13b shows schematic isothickness contours (dashed ellipses)
corresponding to the in-plane distribution of the amount of PbTe deposited. The
deposit has a central maximum and then decays with the distance from the target
normal. On position P, the largest QD size is achieved and gradually decreases
toward position R. The optical absorption measurements were done on the 60 bila-
yers 1.5 mm thick PbTe/SiO2 structure. Even with the 60 bilayers, the absorption
was too weak to be detected with a single pass through the film; therefore, we used a
total internal reflection multipass arrangement for this measurement as shown in
Fig. 3.13c. Absorption peaks clearly shift toward lower wavelength values by
decreasing QD size. This behavior is related to quantum confinement effects.
Using the experimental mean diameter obtained from the distribution in position P

Fig. 3.11 (a) Low magnification cross-section image of a multilayer PbTe/SiO2 growth on a Si
(100) substrate. (b) HRTEM image of the multilayer showing the nanocrystal embedded in the
dielectric host. The inset (i) shows the Fourier transform of a PbTe nanoparticle. The inset (ii) is the
electron diffraction pattern of a multilayer region. (From Rodríguez et al. [8])

Fig. 3.12 (a) Nanoparticles of PbTe. The inset showing their Fourier transform of the nanoparticle.
(b) QDs size distribution. (From Rodríguez et al. [8])
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(4.94 nm), it is possible to estimate the wavelength for the absorption peak as
894 nm, in excellent agreement with the experimental value shown in Fig. 3.13a.

3.6 CdS/CdTe Multijunctions for Solar Cell Applications

Solar cells based on cadmium telluride (CdTe) and cadmium selenide (CdSe)
multijunction show great promise for high efficiency cells. The bandgap of CdTe
multijunctions for solar cell applicatons is 1.44 eV, a value which is close to the
optimal bandgap for single junction solar cell. CdTe is a direct bandgap material;
consequently only a few micrometers of CdTe are required to absorb all the photons
with an energy higher than the bandgap energy. On the other hand, the bandgap of
CdSe is 1.74 eV. Based in this, recently, S. A. Amin et al. [8] have propose dual
junction solar cell with high conversion efficiency of solar energy. Figure 3.14a
shows the solar cell with the bottom layer made of CdTe semiconductor material and
the top layer made of CdSe. These cells can be grown on large area Si substrates.
Figure 3.14b shows a table that compares the calculated values for the single and
multijunctions of solar cells under sun illumination. These results show that dual
junction group CdSe/CdTe cell has better efficiency than other single and dual
junction solar cells.

Fig. 3.13 (a) Absorption spectra of a SiO2/PbTe QD multilayer grown alternately by the PbTe
nanoparticles and SiO2. (b) The measurement sample regions P, Q, and R, where the QDs have
different sizes. Dashed rings are the isothickness contours corresponding to the in-plane distribution
of the amount of PbTe deposited. (c) Schematic representation of the multiple pass total internal
reflection geometry used for absorption spectra measurements. (From Rodríguez et al. [8])
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Chapter 4
Structural and Luminescence Properties
of Tellurite Glasses for Laser Applications

P. Syam Prasad and P. Venkateswara Rao

Abstract In this chapter we will discuss in detail about structural and luminescence
properties of heavy metal oxide-based TeO2 glasses incorporated by rare-earth ions.
The glasses were developed by conventional melt quenching method, and the
structural analysis was done by XRD, FTIR, and Raman. The XRD patterns confirm
the amorphous nature of the samples, and the FTIR characterization showed the
formation of more non-bridging oxygen atoms in the glass network with the
inclusion of rare-earth ions. Spectroscopic characterizations such as optical absorp-
tion, photo luminescence, and decay profile measurements were performed on the
glasses. The Judd-Ofelt theory has been employed on optical absorption spectra to
evaluate the Judd-Ofelt (J-O) intensity parameters Ωλ (λ ¼ 2, 4, 6). The measured
J-O intensity parameters were used to determine the emission transition probability
(AR), stimulated emission cross section (σ(λp)), branching ratios (βR), and radiative
lifetimes (τR) for various emission transitions from the excited levels of rare-earth
ions in the host glass network. The obtained results showed the use of the glasses for
potential applications in the field of laser technology.

4.1 Introduction

A huge number of investigations have been carried out on tellurite-based glasses for
the past decade, due to their potential applications in designing materials for optical
communication systems, lasers, nonlinear optical, and optoelectronic devices. These
applications of the tellurite glasses are attributed to their wide transparency window
(0.4–6 μm), high linear and nonlinear refractive indices, low melting temperature,
high thermal and chemical stability, high devitrification resistance, and low phonon
energy [1–14]. Low phonon energy enables the tellurite host glasses to achieve high
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quantum efficiency for the rare-earth ion doping. Further, tellurite glasses are not
hygroscopic, which limits several applications of the phosphate glasses. Tellurite
glasses have been exhibited extended transmission in the infrared region. Due to its
easiness in the fiber drawing at low temperatures and its high solubility of rare-earth
ions, tellurite glasses have been used in optical components for sensors, telecom-
munications, and medical applications [15]. It is well known that the extreme
polarizability of the tellurium electron lone pair is responsible for the higher
nonlinear optical susceptibility values of tellurite-based glasses [16, 17]. There is a
chance of occurring of local redistribution of the electronic charge density, when the
majority of glasses are exposed to high-intense laser pulse, and it affects the
nanostructural modification in the glass matrix. Such sort of impact assumes a
pivotal part during the process of nonlinear optical absorption, and this absorption
eventually alters the refractive index of the glass material. Structural, thermal, and
optical properties of glasses can be controlled by varying the composition of the
glass.

Nowadays investigations on rare-earth ion-doped solid materials have been
increasing due to their potential applications in various fields. In particular rare-
earth-doped glasses have been considered as prime candidates for the essential
optical applications such as color displays, optical amplifiers, sensors, optical data
storage devices, lasers, and optoelectronic devices [18, 19]. Rare-earth (RE) ions
exhibit 4f–4f or 5d–4f emission transitions and act as excellent activators in emitting
sharp luminescence at different bands from UV to infrared region [20]. Among the
trivalent lanthanide ions, dysprosium (Dy3+) is one of the promising ions for
commercial display applications and for laser devices as it exhibits several interest-
ing optical properties with sharp emission bands in the visible and near-infrared
regions. Dy3+ ions exhibit three emissions in the regions of blue (around 480 nm),
yellow (575 nm), and red (660 nm) of visible light region which are due to their
electronic transitions 4F9/2! 6H15/2,

4F9/2! 6H13/2, and
4F9/2! 6H11/2, respectively

[21]. In general blue and yellow emissions are more intense for the Dy3+ ion. The
combination of suitable proportion of blue and yellow emissions can generate the
white light. Further, in the CIE (Commission Intenationale de I’Eclairage) 1931
color chromaticity diagram, the line linking the blue and yellow wavelengths
generally goes through the white light region [22]. Thus, the chromaticity coordi-
nates for the Dy3+ ion-doped glasses can be tuned to the white light zone by the
selection of a suitable intensity ratio of yellow to blue which can be useful for white
light-emitting applications. Currently there has been a significant importance for the
fabrication of Dy3+ ion-doped glasses for white LED’s due to their high efficiency,
low power consumption, long lifetime, low cost, and environmental-friendly nature
[23]. A suitable composition of glass host for doping Dy3+ ions provides the
possibility of the extraction of primary colors.

In the present chapter, we report on the spectroscopic properties of tellurite-based
TeO2-Sb2O3-WO3 glass system doped with varied Dy3+ ion concentrations. So far,
no spectroscopic properties were reported on Dy3+ ion-doped TeO2-Sb2O3-WO3

glass system. As our glass host consists of heavy metal oxides, it possesses low
phonon energy, large emission cross sections, and less non-radiative losses, resulting
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in high quantum efficiencies for the electronic transitions between the Dy3+ ion
energy levels.

This chapter discusses structural and spectroscopic properties of particular
RE-doped tellurite glasses for laser applications in detail. Since it is highly impos-
sible to cover all RE ion-doped tellurite glasses in a single chapter, we restricted for
only Dy3+ ions.

4.2 Experimental

Dysprosium ion-doped glasses were prepared in the compositions of (75-x)TeO2-
15Sb2O3-10WO3-xDy2O3 (where x ¼ 0.2, 0.5, 0.8, 1, and 1.5 mol%) using conven-
tional melt quenching and pressing method. The glasses are named as TSWD2,
TSWD5, TSWD8, TSWD10, and TSWD15, respectively, and as a whole these
samples are referred as TSWD glasses. The samples were prepared using the
mixtures of high-purity chemicals TeO2 (Sigma Aldrich, >99.9%), Sb2O3 (Sigma
Aldrich, 99.99%), WO3 (Himedia, 99.9%), and Dy2O3 (Sigma Aldrich, 99.99%).
The appropriate molecular percentages of the components were weighed and mixed
thoroughly by using an agate mortar and pestle to ensure the homogeneous mixture.
Platinum crucible was used to melt the mixture in an electric furnace at 800 �C for
20 mins. The homogeneity of the mixture was maintained by stirring the melt for
every 5 min. The stirring of the melt avoids the separation of the chemical compo-
nents and also the formation of bubbles in the melt. The melt was quenched onto a
preheated brass mold which had been kept at 300 �C to avoid the formation of
internal strains, and it was immediately pressed with another brass plate. The
obtained transparent samples were transferred to another furnace at a temperature
of 300 �C and were annealed for 3 h in order to remove the retained internal strains
and also to improve the mechanical strength of the samples. The samples were fine
polished on both sides for further optical characterization yielding a thickness
around 2.5 mm.

The amorphous nature of the glass samples was analyzed by the X-ray diffraction
pattern recorded at room temperature by a PANalytical XPERT-PRO with Cu Kα
(λ ¼ 1.5406) radiation using the scanning rate of 4�/min and step size of 0.02 with
the diffraction angle 2θ from 10� to 100�. The density values of the glasses were
determined employing the Archimedes’ principle using the xylene (ρ ¼ 0.86 g/cc at
room temperature) as the liquid for immersion. Refractive indices of the TSWD
glasses were measured using an ellipsometer. The densities, refractive indices, and
physical and other optical properties calculated as per the relations given in Ref. [24]
are presented in Table 4.1. FTIR spectra of the samples were measured using a
PerkinElmer 100S instrument in the wave numbers from 420 to 1100 cm�1 with a
resolution of 1 cm�1 using the KBr pellet technique. Optical absorption spectra of
each TSWD glass are obtained using a Jasco V-670 spectrophotometer at the
wavelengths in the region 400–2000 nm with a resolution of 0.5 nm. The
photoluminescence excitation and emission spectra of the TSWD glasses were
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measured by a Horiba Jobin Yvon Fluorolog-3-21 spectrofluorometer in the wave-
length region 465–800 nm using the xenon arc lamp of 450 W as radiation source,
and the decay profiles were measured using the xenon lamp of 60 W. All the
experimental measurements were performed at room temperature.

4.3 Results and Discussion

4.3.1 Structural Properties: XRD and FTIR

X-ray diffraction patterns of the TSWD glasses presented in Fig. 4.1 shows a broad
diffused hump at lower angles around 30� exhibiting the characteristic amorphous
nature of the glasses.

Figure 4.2 shows the Fourier transform infrared (FTIR) spectra of the Dy3+

ion-doped TSWD glasses along with that of the pure base glass TSW15
[24]. FTIR characterization plays an important role in determining the structural
properties of the glasses. The infrared spectra exhibit various intense absorption
bands in the wave number region 420–1100 cm�1. The intense absorption band
around 652 cm�1 for all the TSWD glasses represents the stretching vibrations of Te-
O-Te linkages in TeO4 trigonal bi-pyramid units, and the band around 773 cm�1 is
attributed to the asymmetric stretching vibrations of Te-O bonds in TeO3 + 1 poly-
hedral or TeO3 trigonal pyramid units [25, 26].

The shoulder appearing at around 848 cm�1 is assigned to the stretching vibra-
tions of W-O-W linkages in WO4 or WO6 units [27]. The band positioned at around

Table 4.1 Physical and optical parameters of TSWD glasses

S.
no. Parameter TSWD2 TSWD5 TSWD8 TSWD10 TSWD15

1 Molar mass, M (g/mol) 187.039 187.679 188.319 188.746 189.813

2 Molar volume, Vm (cm3/mol) 32.060 32.131 32.180 32.182 32.183

3 Path length, l (mm) 2.36 2.44 2.58 2.36 2.73

4 Density, ρ (g/cm3) 5.834 5.841 5.852 5.865 5.898

5 Refractive index, n 2.122 2.153 2.141 2.166 2.192

6 Dy3+ ion concentration, C (1020

ions/cm3)
0.376 0.937 1.497 1.871 2.807

7 Polaron radius, rp (Å) 12.033 8.872 7.590 7.046 6.155

8 Inter-ionic distance, ri (Å) 29.858 22.016 18.833 17.483 15.273

9 Field strength, F (1016/cm2) 0.456 0.838 1.146 1.330 1.742

11 Molar refractivity, Rm (cm3) 17.270 17.604 17.517 17.754 17.995

10 Electronic polarizability, αe (Å
3) 0.685 0.698 0.695 0.704 0.714

12 Reflection losses, R (%) 12.916 13.372 13.196 13.564 13.945

13 Dielectric constant (ε) 4.503 4.635 4.584 4.692 4.805

14 Metallization factor, Mt 0.461 0.452 0.456 0.448 0.441
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Fig. 4.1 X-ray diffraction patterns of TSWD glasses

Fig. 4.2 FTIR spectra of base glass (TSW15) and dysprosium ion-doped TSWD glasses
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918 cm�1 indicates the stretching vibrations of W¼O and W-O� bonds in tetrahe-
dral WO4 or octahedral WO6 units [17]. The symmetric bending vibrations of SbO3

units, occurring at 579 cm�1 [28–30] are buried under the 652 cm�1 broadband,
while the 496 cm�1 band corresponds to asymmetric bending vibrations of SbO3

units [29]. All these infrared absorption bands are observed to be around the same
positions for all the TSWD glasses, but the bands are shifted around 10 cm�1 toward
lower wave number from that of the base glass TSW15 as shown in the Fig. 4.2. This
indicates that the incorporation of Dy3+ ions leads to the formation of more
non-bridging oxygen atoms inside the glass network. On the other hand, it is
found to have the narrow bands in the wave number region 420–500 cm�1 which
can be assigned to the bending vibrations of the Dy-O bonds.

4.3.2 Absorption Spectra and Bonding Parameters

Figure 4.3 presents the absorption spectra of TSWD glasses in the wavelength region
of 400–2000 nm. Each spectrum exhibits various sharp absorption bands throughout
the spectral region which originate due to the f-f-induced electric dipole transitions
ofDy3+ ion from its ground state 6H15/2 to various excited energy levels such as

6H11/2,
6F11/2,

6F9/2,
6F7/2,

6F5/2,
6F3/2, and

4I15/2 located at 1689, 1280, 1098, 905, 804,
754, 473, and 453 nm, respectively. The absorption bands are assigned according to
Carnall et al. [31]. The positions (in cm�1) and assignment of the bands of all the

Fig. 4.3 VIS-NIR absorption spectra of TSWD glasses with dysprosium ion doping
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TSWD glasses are given in Table 4.2 along with that of the aqua ion [32]. The
absorption bands in the wavelength region 400–500 nm are relatively weak as the
host glass matrix exhibits a strong absorption near the absorption edge. The strong
absorption band 6H15/2 ! 6F11/2 located at around 1280 nm is found to be very
sensitive to the rare-earth ion concentration, and as it follows the selection rule, |Δ
S| ¼ 0, |ΔL| � 2, and |ΔJ| � 2, this transition can be considered as hypersensitive
transition [33]. In general the position and intensities of the absorption band
corresponding to the hypersensitive transition are very sensitive to the rare-earth ion
concentration and also to the host environment around the rare-earth ion.

The intensities of the absorption bands of the TSWD glasses are increasing with
the Dy3+ ion concentration, while the peak positions of the absorption bands of all
the TSWD glasses are located around the same positions. However a considerable
shifting of the band toward lower wave number has been observed in comparison to
that of the aqua ion. This shifting of the bands is called nephelauxetic effect which is
due to the bonding nature of the Dy3+ ion with the surround ligand environment. The
bonding nature of the Dy3+-ligand bond was investigated by finding the
nephelauxetic ratios and bonding parameters which are calculated from the absorp-
tion band positions of all the transitions. The nephelauxetic ratios of individual
transitions were determined using the relation

β ¼ νc
νa

ð4:1Þ

where νc and νa are peak positions (in cm
�1) of the corresponding transitions of Dy3+

ion in glass matrix and aqua ion, respectively, which are given in Table 4.2. The
bonding parameter δ of the each TSWD glass has calculated from the average values
of β using the relation [34]

Table 4.2 Peak positions (in cm�1) of absorption transitions and bonding parameters (β and δ) of
TSWD glasses

Transition from
6H15/2 ! TSWD2 TSWD5 TSWD8 TSWD10 TSWD15 Aqua ion [32]
6H11/2 5888 5920 5918 5929 5920 5850
6F11/2 7800 7812 7809 7806 7809 7700
6F9/2 9099 9107 9111.6 9111.6 9107 9100
6F7/2 11,037 11,049 11,049 11,055 11,049 11,000
6F5/2 12,445 12,445 12,445 12,453 12,445 12,400
6F3/2 13,289 13,253 13,253 13,271 13,253 13,250
4F9/2 21,200 21,200 21,200 21,200 21,119 21,100
4I15/2 – 22,099 – – 22,099 22,100

β 1.0049 1.0050 1.0057 1.0063 1.0045 –

Δ �0.4840 �0.5010 �0.5696 �0.6267 �0.4487 –

4 Structural and Luminescence Properties of Tellurite Glasses for Laser. . . 51



δ ¼ 1�β

β
� 100 ð4:2Þ

where β is the average value of the nephelauxetic ratios. The calculated values of
nephelauxetic ratios and bonding parameters of the TSWD glasses are presented in
Table 4.2. The δ value depends on the bonding nature of ligand-field environment,
and it can be positive for covalent bonding and negative for ionic bonding [35]. The
obtained negative δ values for all the TSWD glasses indicate the ionic bonding
between the Dy3+ and the surrounding ligands in the glass matrix.

4.3.3 Judd-Ofelt Analysis

The intensity of the absorption bands of the TSWD glasses are represented by the
experimental oscillator strengths ( fexp) which are determined using the integrated
area under each absorption band following the relation [36]

fmeans ¼
2:303mc2

nπe2

ð
ε vð Þdv ¼ 4:32� 10�6

ð
ε vð Þdv ð4:3Þ

where c is the velocity of light in vacuum; m and e are the rest mass and charge of an
electron, respectively; N is the Avogadro’s number; and ε(ν) is the molar absorptiv-
ity of the corresponding absorption band at wave number ν (in cm�1) which are
determined using Beer-Lambert’s law. Based on the Judd-Ofelt theory [37, 38], the
oscillator strengths ( fcal) for the induced electric dipole transitions from the ground
state (ψJ) of Dy3+ ion to various excited states (ψ 0J0) are calculated using the relation

f cal ¼
8π2mcν

3he2 2J þ 1ð Þ
n2 þ 2
9n

e2
X

λ¼2,4,6
Ωλ ψJ k Uλ k ψ 0J 0
� �2� �

ð4:4Þ

where e2∑λ ¼ 2, 4, 6Ωλ(ψJkUλkψ 0
J
0
)2 is the line strength of electric dipole transitions,

J and J0 are the total angular momenta of the ground state and excited states, h is the
Planck’s constant, ν (cm�1) is the wave number of the transition from initial state ψJ
to the excited state ψ

0
J
0
, n is the refractive index of the sample, the factor (n2 + 2)/9n

stands for the Lorenz electric field correction, Ωλ (λ ¼ 2, 4, 6) are the Judd-Ofelt
intensity parameters, and kUλk2 are the doubly reduced squared matrix elements of
the unit tensor operator of the rank λ¼ 2, 4, and 6 which are determined by using the
method of intermediate coupling approximation for a transition ψJ! ψ 0J0 [36]. The
measured experimental oscillator strengths ( fexp) and the calculated oscillator
strengths ( fcal) for the present TSWD glasses are given in Table 4.3. In general,
the magnitude of the reduced matrix elements (kUλk2, λ ¼ 2, 4, 6) of hypersensitive
transitions for any rare-earth ion are very high. Consequently, the values of fexp and
fcal are observed to be very high for the hypersensitive transition of all the TSWD
glasses as shown in Table 4.3.
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Judd-Ofelt intensity parameters are very much useful to study the local structure
around the lanthanide ion in a glass matrix. The three phenomenological Judd-Ofelt
(J-O) parameters (Ωλ, λ ¼ 2, 4, 6) were evaluated according to Judd-Ofelt theory by
using the least square fitting for the equations of the experimental ( fexp) and
calculated oscillator strengths ( fcal). The goodness of the fit has been found using

the δrms deviation (δrms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 f expi � f cali

� �2PN
i¼1 f

2
exp

vuut ), and the obtained small δrms values

for the TSWD glasses indicate the quality of the fit between Eqs. (4.3) and (4.4) and
also show the accuracy of the evaluated J-O parameters. The calculated J-O intensity
parameters and their trends are given in Table 4.4 along with those of the Dy3+

ion-doped tellurite and other glass matrices [21–23, 41] reported earlier for
comparison.

According to Jorgensen and Reisfeld [49], the value of Ω2 intensity parameter
depends on the covalence of ligand-metal bond as well as the asymmetry of local ion
sites around the lanthanide ion, while the values of Ω4 and Ω6 are influenced by the
bulk properties like rigidity and viscosity of the medium in which the ions are
positioned. The factors covalency and asymmetry contribute the Ω2 parameter,
differently in different glass matrices [50]. The Ω2 parameter of oxide glasses
depends strongly on the asymmetry of ligand field surrounding the rare-earth ion,
whereas the Ω2 parameter for fluoride glass depends on the covalency [51, 52]. Fur-
ther, the heavy metal oxides Sb2O3 and WO3 containing in our TSWD glasses
provide the higher asymmetry around the Dy3+ ion due to its high polarizability.
Thus for the TSWD glasses, the higher values of Ω2 parameter indicate the higher
asymmetry of ion sites around the Dy3+ ion. Among the TSWD glasses, TSWD8
possesses higher magnitude of Ω2 parameter (14.819 � 10�20 cm2), and the Judd-
Ofelt parameters of all the TSWD glasses are comparable to that of the reported Dy3+

ion-doped glasses as presented in Table 4.4 [21, 39–48].

Table 4.3 Experimental ( fexp, 10
�6) and calculated ( fcal, 10

�6) oscillator strengths and r.m.s
deviation (δrms, 10

�6) of Dy3+ ion-doped TSWD glasses

6H15/2 !
TSWD2 TSWD5 TSWD8 TSWD10 TSWD15

fexp fcal fexp fcal fexp fcal fexp fcal fexp fcal
6H11/2 2.79 4.09 3.00 3.07 3.45 3.45 2.99 3.05 2.58 2.69
6F11/2 18.43 18.26 17.27 17.24 21.15 21.14 17.22 17.21 17.14 17.10
6F9/2 7.11 7.86 5.44 5.54 6.69 6.59 5.40 5.43 5.32 5.35
6F7/2 10.25 6.97 5.36 4.72 4.87 5.20 4.88 4.63 4.33 4.08
6F5/2 4.21 3.37 2.38 2.24 3.87 2.37 2.84 2.19 2.60 1.82
6F3/2 0.47 0.64 0.37 0.42 0.48 0.45 0.39 0.41 0.40 0.34
4F9/2 – – – – – – 0.05 0.36 0.05 0.31
4I15/2 – – – – – – 0.02 1.04 0.03 0.91

δrms �0.163 �0.035 �0.066 �0.067 �0.044
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4.3.4 Excitation-Emission Spectra

The intensity of photoluminescence emission of rare-earth ions depends on the
excitation wavelength. Thus the excitation spectrum was recorded for the glass
TSWD5 at wavelengths in the region 325–550 nm monitoring by a radiation of
wavelength, 576 nm. Six distinguishable bands are observed with peak positions
centered at 352, 365, 387, 426, 453, and 473 nm as presented in Fig. 4.4.

These excitation bands are due to the transitions from ground energy level 6H15/2

to various excited energy levels 5P7/2,
5P9/2,

4F7/2,
4G11/2,

4I15/2, and
4F9/2, respec-

tively. Among these excitation bands, the band at 453 nm corresponding to the
transition 6H15/2 ! 4I15/2 was found to be intense, and thus it was used as an
excitation source to trace the emission spectra for all the TSWD glasses. The
luminescence properties of the TSWD glass system were determined using the
emission spectra recorded at room temperature in the wavelength region
465–800 nm as shown in Fig. 4.5. Each emission spectrum exhibits two intense
bands, one in blue region at 484 nm (4F9/2! 6H15/2) and the other in yellow region at
574 nm (4F9/2 ! 6H13/2). Along with these bands, the emission spectra also contains
the less intense bands at wavelengths 663 and 752 nm corresponds to the transitions
from excited level 4F9/2 of Dy

3+ ion to its lower excited energy levels 6H11/2 and
6H9/

2, respectively. The intensity of the emission bands is found to increase with
increasing Dy3+ ion concentration up to 0.8 mol%, and then it decreases for higher
concentrations 1 and 1.5 mol% which can be considered due to luminescence

Table 4.4 Judd-Ofelt intensity parameters Ω2, Ω4, and Ω6 (10�20 cm2) and their trend and
spectroscopic quality factor (Ω4/Ω6) of TSWD glasses along with the reported Dy3+ ion-doped
glasses

Glass Ω2 Ω4 Ω6 Ωλ trend Ω4/Ω6 References

TSWD2 12.404 3.458 5.224 Ω2 > Ω6 > Ω4 0.662 Present work

TSWD5 12.202 2.644 3.375 Ω2 > Ω6 > Ω4 0.783 Present work

TSWD8 14.819 3.726 3.607 Ω2 > Ω4 > Ω6 1.033 Present work

TSWD10 12.090 2.553 3.277 Ω2 > Ω6 > Ω4 0.779 Present work

TSWD15 11.359 3.087 2.663 Ω2 > Ω4 > Ω6 1.160 Present work

PbF2-WO3-TeO2 5.190 1.930 1.070 Ω2 > Ω4 > Ω6 1.803 [39]

TWZDy10 6.910 0.990 1.010 Ω2 > Ω6 > Ω4 0.980 [40]

TeWK 14.310 9.427 1.682 Ω2 > Ω4 > Ω6 5.605 [41]

Dy:KLTB 9.86 3.31 2.41 Ω2 > Ω4 > Ω6 1.41 [42]

BTLN0.5D 6.329 1.715 1.141 Ω2 > Ω4 > Ω6 1.503 [43]

BLND 11.99 3.92 3.94 Ω2 > Ω6 > Ω4 0.995 [44]

CFBDy10 5.98 2.33 2.33 Ω2 > Ω4 ¼ Ω6 1.00 [45]

G1 glass 14.83 4.01 2.87 Ω2 > Ω4 > Ω6 1.397 [46]

PbPKANDy10 glass 11.74 2.64 2.86 Ω2 > Ω6 > Ω4 0.923 [21]

TTWD10 3.37 0.30 1.07 Ω2 > Ω6 > Ω4 0.280 [47]

PKAZFDy 14.11 3.07 1.95 Ω2 > Ω4 > Ω6 1.574 [48]

54 P. Syam Prasad and P. Venkateswara Rao



Fig. 4.4 Excitation spectra of TSWD5 glass monitoring at an emission wavelength λem ¼ 576 nm

Fig. 4.5 Photoluminescence spectra of dysprosium ion-doped TSWD glasses measured by excit-
ing at 453 nm
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quenching. However no change is observed in peak position or shape of the emission
bands for change of Dy3+ ion concentration.

The average distance among the Dy3+ ions decreases as the concentration of
the Dy3+ ion increase, and as consequently the possibility of more non-radiative
transitions such as cross-relaxation channels and resonance energy transfer among
the Dy3+ ions increases [53]. Thus the emission intensity reduces for higher concen-
tration of Dy3+ ion content further than 0.8 mol%. Figure 4.6 depicts the partial
energy level diagram of the TSWD8 glass for which a radiation of 453 nm excites
the Dy3+ ion from its ground state to its higher energy level 4I15/2. Due to the small
energy gap between 4I15/2 and 4F9/2, the ion jumps to its lower energy level 4F9/2
without emitting any radiation. Transitions of Dy3+ ions occur from 4F9/2 level to its
lower energy levels such as 6H15/2,

6H13/2,
6H11/2, and

6H9/2 emitting radiations of
wavelength around 484, 574, 663, and 752 nm, respectively. Though, the probability
of the transitions depends on different parameters such as the glass host matrix,
chemical composition, Dy3+ ion concentration, pumping radiation wavelength, and
heat treatment.

Figure 4.6 also exhibits the possible non-radiation transition modes of Dy3+ ions
such as resonance energy transfer and the cross-relaxation channels due to the strong
interaction among the Dy3+ ions when the separation between the ions decreases.

From Fig. 4.5, it is observed that the intensity of the emission band at 574 nm
related to the transition 4F9/2! 6H13/2 is found to be very sensitive to the rare-earth ion

Fig. 4.6 Partial energy level diagram of TSWD8 glass showing emission transitions and also the
different type of energy transitions quenching the luminescence at 453 nm excitation
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environment, and it obeys the selection rulesΔL¼ � 2 andΔJ¼ � 2; thus, it is called
as hypersensitive transition [54]. In general the intensity of the hypersensitive transi-
tion is influenced by the ligand environment surrounding theDy3+ ions and dominates
the intensity of the other emission transitions. Yellow emission 4F9/2 ! 6H13/2 being
an electric dipole in nature dominated the blue emission 4F9/2 ! 6H15/2 (magnetic
dipole transition) for all the prepared TSWD glasses indicating the higher asymmetry
of Dy3+ ion site [55, 56].

4.3.5 Radiative Properties

The luminescence properties of the Dy3+ ion-doped TSWD glasses were evaluated
by determining the parameters such as spontaneous emission radiative transition
probabilities (AR) radiative lifetimes (τR), stimulated peak emission cross section
(σ(λP)), and branching ratios (βR). The J-O intensity parameters and the refractive
index values of the TSWD glasses were used to calculate the radiative properties.
Radiative transition probabilities of the TSWD glasses from initial level ψJ (4F9/2) to
various energy levels ψ 0J0 (6HJ0, J0 ¼ 15/2, 13/2, 11/2, and 9/2) were determined
from the following equation [21]

AR ψJ;ψ 0J 0ð Þ ¼ 64π4ν3

3h 2J þ 1ð Þ
n n2 þ 2ð Þ2

9
Sed þ n3Smd

" #
ð4:5Þ

where Sed is the electric dipole line strength, Smd is the magnetic dipole line strength,
ν is the peak position of the emission, the factor n(n2 + 2)2/9 is for the local-field
correction for the electric dipole transitions, and n3 for magnetic dipole transitions.
The electric (Sed) and magnetic (Smd) dipole line strengths are obtained using the
relations

Sed ¼ e2
X

λ¼2,4,6
Ωλ

�
ψJkUλkψ 0J 0Þ2 ð4:6Þ

Smd ¼ e2h2

16π2m2c2
ψJ k Lþ 2S k ψ 0J 0ð Þ2 ð4:7Þ

The total radiative transition probabilities of the TSWD glasses were obtained by
adding up the transition probabilities of all the transitions from the excited energy
level 4F9/2 to various lower energy levels ψ

0
J
0
as in the following equation

AT ψJð Þ ¼
X

ψ 0J 0
AR ψJ;ψ 0J 0ð Þ ð4:8Þ

The radiative lifetime (τR) of the excited level
4F9/2 was determined by the inverse

of the total radiative transition probabilityAT(ψJ),
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τR ¼ 1
AT ψJð Þ ð4:9Þ

The luminescence branching ratio (βR) corresponding to the emission from the
excited level ψJ (4F9/2) to a lower level ψ

0
J
0
can be calculated from the ratio of the

transition probability of the particular transition to the total transition probability of
the ψJ (4F9/2) by using the expression

βR ¼ AR ψJ;ψ 0J 0ð Þ
AT ψJð Þ ð4:10Þ

The experimental branching ratios of the TSWD glasses were measured by the
ratio of integral intensity of the corresponding emission peak to the total integral
intensity of the emission. An important laser parameter-stimulated emission cross
section is a measure of potential laser performance, and it is used to estimate the laser
gain of the prepared glasses. The stimulated emission cross section, σ(λp)(ψJ! ψ

0
J
0
),

of a transition having a transition probability of AR(ψJ,ψ
0
J
0
) is

σ λp
� � ¼ λ4p

8πcn2Δλeff

 !
AR ψJ;ψ 0J 0ð Þ ð4:11Þ

where λp is the wavelength of the emission peak corresponding to the particular
transition and Δλeff is the effective bandwidth of the emission band obtained by the
relation,Δλeff ¼

Ð I λð Þdλ
Imax

. The optical gain bandwidth (σ(λp) � Δλeff) of the TSWD

glasses were calculated using values of the stimulated emission cross section. The
calculated values of radiative parameters (AR, σ(λp), βR) for all the obtained emission
transitions of the TSWD glasses are presented in Table 4.5 along with the values of
effective bandwidths, experimental branching ratios (βexp) and the optical gain
bandwidths (σ(λp) � Δλeff).

Calculated radiative lifetimes of the glasses are given in Table 4.7. The difference
in the values of βexp and βR is due to the non-radiative transitions among the Dy3+

ions. The value of branching ratio of a transition is a measure of attaining stimulated
emission, and the transition possessing βexp > 0.5 can be useful for potential laser
action [57]. The branching ratio of the emission transition 4F9/2 ! 6H13/2 of all the
TSWD glasses is higher than that of the other transitions and also satisfies the
condition βexp > 0.5. Further, as presented in Table 4.5, the values of stimulated
emission cross section and the optical gain bandwidth (σ(λp) � Δλeff) of the
transition 4F9/2 ! 6H13/2 of all the glasses are higher than the reported tellurite and
other glass matrices doped with Dy3+ ion [47, 48, 58, 59]. Thus the glasses can be
used for potential yellow laser applications and for continuous wave laser
action [48].
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4.3.6 Yellow to Blue Intensity Ratio and White Light
Generation

Dy3+ ion has been given importance in solid-state lighting applications due to its
emission of the primary colors which are required for the generation of white light.
In general white light can be produced by the proper combination of blue and yellow
light. The ratio between integrated intensity of yellow emission band to that of blue
emission band for Dy3+ ion-doped glasses are called intensity ratio, and it is used to
analyze the generation of white light. The intensity ratio mainly depends on the
excitation source, Dy3+ ion concentration, and the host glass matrix. The calculated
Y/B intensity ratios of the TSWD glasses are given in Table 4.6.

The Y/B intensity ratios of the glasses are found to have values 1.51, 1.53, 1.86,
1.49, and 1.63 for TSWD2, TSWD5, TSWD8, TSWD10, and TSWD15 glasses,
respectively, and are near to 1 that represents the generation of light in white region.
However the values of the intensity ratios are found to increase with Dy3+ ion
concentration up to 0.8 mol% which indicates the increase of asymmetry of Dy3+

ion local environment [59]. The larger values of the Y/B intensity ratios of the
TSWD glasses indicate the higher asymmetric nature of the ligand field around the
Dy3+ ions [21, 61] which is also confirmed from the higher values of Ω2 intensity
parameters.

Table 4.5 Peak wavelength of emission (λp, nm), spontaneous emission transition probability
(AR, s

�1), effective bandwidth (Δλeff, nm), stimulated emission cross section (σ(λp), 10
�22 cm2),

experimental (βexp) and measured (βR) branching ratios, and optical gain bandwidth (σ(λp) � Δλeff,
10�28 cm3) for the emission transitions of Dy3+ ion-doped TSWD glasses

Glass 4F9/2! λ (nm) AR Δλeff σ(λp) βexp βR σ(λp) � Δλeff
TSWD2 6H15/2 484 669.78 15.50 6.99 0.378 0.189 10.83

6H13/2 574 2586.05 14.09 58.74 0.572 0.730 82.74
6H11/2 663 286.33 17.89 9.12 0.050 0.081 16.31

TSWD5 6H15/2 481 473.87 15.95 4.55 0.365 0.147 7.26
6H13/2 574 2375.03 14.94 49.42 0.557 0.739 73.82
6H11/2 662 283.18 16.41 9.49 0.039 0.088 15.57
6H9/2 753 81.90 11.74 6.42 0.039 0.025 7.54

TSWD8 6H15/2 484 503.67 15.82 5.06 0.320 0.136 8.00
6H13/2 574 2772.22 15.78 55.21 0.596 0.748 87.13
6H11/2 663 333.70 16.92 11.03 0.046 0.090 18.67
6H9/2 752 97.00 14.10 6.37 0.038 0.026 8.98

TSWD10 6H15/2 483 464.54 16.07 4.45 0.393 0.144 7.15
6H13/2 574 2393.56 14.92 49.26 0.584 0.742 73.50
6H11/2 662 286.30 15.53 10.02 0.019 0.089 15.56
6H9/2 751 82.97 11.37 6.56 0.004 0.026 7.47

TSWD15 6H15/2 484 413.59 14.55 4.31 0.371 0.133 6.27
6H13/2 573 2330.68 14.76 47.01 0.605 0.750 69.40
6H11/2 661 282.48 15.43 9.66 0.021 0.091 14.90
6H9/2 751 82.04 10.84 6.65 0.003 0.026 7.21
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4.3.7 CIE Chromaticity Coordinates and CCT Values

The emitting color of the TSWD glasses excited by 453 nm has been investigated
using the Commission Internationale de I’Eclairage (CIE) 1931 chromaticity dia-
gram. The color chromaticity coordinates of the glasses were determined using the
tristimulus values X, Y, and Z which are calculated from the luminescence spectra of
the TSWD glasses [50]. The obtained CIE color chromaticity coordinates are (0.35,
0.40), (0.36, 0.40), (0.38, 0.42), (0.33, 0.38), and (0.32, 0.35) for TSWD2, TSWD5,
TSWD8, TSWD10, and TSWD15 glasses, respectively, as presented in the CIE
1931 chromaticity diagram shown in Fig. 4.7.

Interestingly all these chromaticity coordinates are found to be in the white light
region as shown in Fig. 4.7. The coordinates of the glasses TSWD10 and TSWD15
are located very near to the equal energy point (x ¼ 0.33, y ¼ 0.33) in the CIE
diagram, which ensures the suitability of the glasses for white light-emitting appli-
cations under the excitation of 453 nm. The quality of the emitted light was
evaluated by determining the correlated color temperature (CCT) values using the
McCamy’s approximate relation [57]

CCT ¼ �449n3 þ 3525n2 � 6823nþ 5520:33 ð4:12Þ
where n ¼ (x�xe)/(y�ye) is the inverse slope line and (xe ¼ 0.332 and ye ¼ 0.186) is
the epicenter. The calculated CCT values are presented in Table 4.6 along with that
of the reported Dy3+ ion-doped glasses. The CCT values are observed to decrease
with the increase of Dy3+ ion content up to 0.8 mol% and then increases for higher
concentrations. Further, the CCT value of the TSWD10 glass is very close to the
reported sunlight (5500 K) showing the white bright lightening of the glass under the
excitation of 453 nm. The obtained Y/B intensity ratios, chromaticity coordinates
and the CCT values of the TSWD glasses along with that of the reported glass
systems [41, 47, 59, 60] are presented in Table 4.6, which reveal that the studied
TSWD glasses are potential candidates for the white LED and laser applications.

Table 4.6 Yellow to blue intensity ratio (Y/B), CIE color chromaticity coordinates (x, y), and
correlated color temperature (CCT, K ) of the light emitted by the TSWD glasses under the
excitation of 452 nm light

Glass Y/B ratio x y CCT References

TSWD2 1.51 0.35 0.40 4971 Present work

TSWD5 1.53 0.36 0.40 4687 Present work

TSWD8 1.86 0.38 0.42 4265 Present work

TSWD10 1.49 0.33 0.38 5591 Present work

TSWD15 1.63 0.32 0.35 6039 Present work

TTWD10 2.02 0.38 0.41 – [47]

LSBP0.5Dy 1.81 0.39 0.42 3943 [59]

TeWK 1.29 0.34 0.34 5178 [41]

0.5DZTFB 1.12 0.36 0.41 4769 [60]
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4.3.8 Decay Curve Analysis

The luminescence decay profiles of the TSWD glasses were measured to find out the
lifetime of the excited energy level 4F9/2 by monitoring an excitation at 453 nm and
an emission at 574 nm. Figure 4.8 shows the logarithmic plots of normalized decay
profiles of the TSWD glasses.

All the measured decay profiles are observed to be single exponential in nature.
The experimental lifetimes (τexp) of the studied glasses are determined by fitting the
decay profiles to the following equation [62]

It ¼ I0e
�t
τexp ð4:13Þ

where I0 and It are the emission intensities of the of the decay curves at time t¼ 0 and
t ¼ t s, respectively. The measured experimental lifetime values are presented in
Table 4.7 along with the calculated radiative lifetime (τR) values.

The obtained τexp values are 195, 176, 153, 120, and 102 μs corresponding to the
TSWD2, TSWD5, TSWD8, TSWD10, and TSWD15 glasses, respectively. The
tabulated radiative lifetimes are found to be differing more from the experimental
lifetimes which are due to the non-radiative transitions in the glasses. Even though
our glass host possesses lower phonon energy reducing the multiphonon relaxation
rates, the resonance energy transfer modes and the cross-relaxation channels are
strongly influenced to quash the lifetimes of the TSWD glasses. The τexp values are
observed to decrease with increasing Dy3+ ion concentration. This is due to the more
non-radiative transitions due to the strong interaction among the Dy3+ ions.

Fig. 4.7 CIE chromaticity
diagram of the TSWD
glasses
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The quantum efficiency (η) is defined as the ratio of the number of photons emitted to
that of the photons observed. For the glasses doped with rare-earth ions, η can be
expressed as [63]

η ¼ τexp
τR

ð4:14Þ

The calculated η values are presented in Table 4.7, and the η values are found to
decrease with the increase of Dy3+ ion concentration due to the increase of
non-radiative transition rates. The non-radiative transition rate (WNR) can be calcu-
lated by the difference of inverses of the experimental and radiative lifetime values
(WNR ¼ 1/τexp�1/τR). The obtained WNR values are decreasing with the increase of
Dy3+ ion content as given in Table 4.7.

Fig. 4.8 Decay profiles of the 4F9/2 energy level of Dy3+ ions in TSWD glasses as a function
of Dy3+ ion concentration

Table 4.7 The experimental (τexp, μs) and calculated (τR, μs) lifetimes, quantum efficiency (η, %),
and non-radiative transition rate (WNR, s

�1) of the TSWD glasses as a function of Dy3+ ion content

Glass τexp τR η WNR

TSWD2 195 282 69 1582

TSWD5 176 311 57 2466

TSWD8 153 266 58 2777

TSWD10 120 310 39 5108

TSWD15 102 321 32 6689
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4.4 Conclusions

Heavy metal oxide-based, dysprosium ion-doped TSWD glasses were prepared by
conventional melt quenching method and are investigated through FTIR, optical
absorption, photoluminescence, and decay profile measurements. FTIR spectra of
the glasses showed the existence of Dy-O bonds and also formation of more
non-bridging oxygen atoms in the glass network with the incorporation of Dy3+

ions in the glass. The obtained negative values of the bonding parameters of
the TSWD glasses show the domination of ionic nature of the ligand field around
the Dy3+ ion. The higher magnitudes of Ω2 parameters and yellow to blue intensity
ratios (Y/B) of the glasses are the representation of higher asymmetric nature of the
ligand environment around the Dy3+ ion. The luminescence spectra measured under
the excitation of 453 nm exhibits the emission of primary colors around 484 (blue),
574 (yellow), and 663 nm (red) along with light at 752 nm. The intensity of emission
increases with Dy3+ ion concentration up to 0.8 mol% and then decreases for higher
concentrations due to non-radiative transitions such as resonance energy transfer and
cross-relaxation modes among the Dy3+ ions. Spontaneous transition probability
(AR), stimulated emission cross section (σ(λp)), branching ratios (βR), and radiative
lifetimes (τR) were determined using the Judd-Ofelt intensity parameters. The
emission transition 4F9/2 ! 6H13/2 is found to possess higher values of branching
ratios and stimulated emission cross sections recommending the use of the glasses
for potential laser applications. The calculated CIE color chromaticity coordinates
are found to be near to the equal energy point (0.33, 0.33), recommending the
glasses for white light generation and white LED applications. Lifetime values and
quantum efficiencies of the glasses were determined by measuring the decay profiles
of the 4F9/2 excited energy level under the excitation of 453 nm. The lifetime of the
TSWD glasses decreases with increasing Dy3+ ion concentration and are in the range
of 102–195 nm.
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Chapter 5
Optothermal Properties
of Vanadate-Tellurite Oxide Glasses
and Some Suggested Applications

Dariush Souri

Abstract Transition metal oxide-containing glasses (TMOGs) have special and
unique optothermal properties. One can verify how the optical, thermal, and ther-
moelectric properties vary with composition. This work tries to give more insight
into the subject of the thermal stability and its effect on the optothermal properties of
some vanadate-tellurite oxide glasses. In other words, optical and thermal charac-
terization of such glassy systems can be investigated versus the composition with the
aim of finding the more potential candidates in optical applications. Moreover,
besides thermal stability, different parameters such as elastic moduli, optical
bandgap, molar volume (Vm), oxygen molar volume (V∗

O), oxygen packing density
(OPD), molar refraction (Rm), metallization criterion (M ), and the concentration of
non-bridging oxygen ions (NBOs) can be evaluated and discussed as the most
important factors on the properties and applications of a material. In brief, optical
applications (such as active material in optical fibers) of oxide glasses need the high
thermal stable glasses with narrower bandgap. It should be noted that any suggestion
for optical applications needs precise determination of optical properties such as
energy bandgap, which affect the evaluation of other related optical parameters and
so in optical device manufacturing and applications; in the case of bandgap deter-
mination, derivative absorption spectrum fitting method (abbreviated as DASF) has
been recently proposed; this method is briefly introduced in this work. Also, such
thermal stable glasses with good thermoelectric properties are promising materials
which can be used in solar cells and photovoltaic (PV) panels as heat pumps to
elevate the PV efficiency. An attempt has been made to discuss these subjects, giving
more light in the field of optothermal aspects.
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5.1 Introduction

Transition metal oxide-containing glasses (TMOGs) have special and unique
optothermal properties. One can verify how the optical, thermal, and thermoelectric
properties vary with composition. Several works tried to give more insight into the
subject of the thermal stability and its effect on the optothermal properties of some
vanadate-tellurite oxide glasses. In other words, optical and thermal characterization
of such glassy systems can be investigated versus the composition with the aim of
finding the more potential candidates in optical applications. Moreover, besides
thermal stability, different parameters such as elastic moduli, optical bandgap,
molar volume (Vm), oxygen molar volume (V∗

O ), oxygen packing density (OPD),
molar refraction (Rm), metallization criterion (M ), and the concentration of
non-bridging oxygen ions (NBOs) can be evaluated and discussed as the most
important factors on the properties and applications of a material.

Multicomponent Te-based and tellurite-vanadate glasses [1–28] (as series of
transition metal oxide-containing glasses (TMOGs)) have attracted considerable
attention among the oxide glasses like phosphate [29–35] and borate glasses
[36–38], avoiding especially the ambient limitation of hygroscopic nature of phos-
phates. Te-based glasses are still attracting interest from the basic point of view of
fundamental researches as well as due to the suggested applications in antibacterial
materials [2], solar cells and waveguides [39], heat pumps in photovoltaic panels
[40], acousto-optical materials [40 nocmech], laser [41], photochromic glasses
[42, 43], and so forth. In the case of optical and optothermal applications, it is
noticeable that any suggestion for optical applications needs precise determination of
optical properties such as energy bandgap, which affect the evaluation of other
related optical parameters and so in optical device manufacturing and applications;
in the case of bandgap determination, derivative absorption spectrum fitting method
(abbreviated as DASF) has been recently proposed [44] and employed in different
glassy systems [11, 43–45] and also in nanomaterials [47, 48].

Research works on TeO2-based glasses have been made by many groups, because
they show several advantages when compared with other glasses. As mentioned,
these glasses are peculiarly important due to their unique optical, thermal, mechan-
ical, and chemical properties which encourage and allow the glass processing to be
characterized and suggested in optothermal applications. Some of the characteristics/
advantages of TeO2-based glasses are as follows [27, 39, 48]:

(i) Their low melting temperatures (generally <~ 1000 �C)
(ii) Their relatively high ambient and chemical stability (durability) and their long-

time resistance to ambient moisture
(iii) Their high vitreous stability, high glass-forming ability, and high solubility of

different transition metal oxides
(iv) Their large optical transmittance window and other optical aspects such as high

nonlinear optical properties and high refractive index
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(v) Their low glass transition temperature and large width between glass transition
and crystallization temperatures, in which made them as high thermal stable
glasses

In the present chapter, some of our previous findings on binary and ternary
tellurite-vanadate glasses are reviewed. Section 5.2 deals with the experimental
details of methods for the fabrication of expected glassy samples and also their
characterization. In Sect. 5.3, different approaches of bandgap determination were
reviewed as well as the recently proposed new method (known as DASF approach).
Also some optical and structural parameters are introduced. In Sect. 5.4, different
tellurite-vanadate glasses are reviewed for their optical, calorimetric, thermal, and
thermoelectric properties, aiming their evaluation for probable application in optical
devices. Finally, in Sect. 5.5, a conclusion (as a summary of the results) and further
comments on the potential of TMOGs in optical and optothermal applications are
given.

5.2 Experimental Procedures for TeO2-Based Glasses:
Sample’s Fabrication and Characterization Methods

The glassy systems, which are reviewed and used here, have the composition of
40TeO2-(60-x)V2O5-xAyOz (or A) (in which AyOz and A are another oxide and
another element as the third component, respectively); the third components were
MoO3, NiO, Sb2O3, Ag2O, Bi2O3, and Sb. Furthermore, the compositional range of
x (in mol%) was different in each series depending to the glass-forming capability.
All of the samples were prepared/fabricated by using the well-known rapid melt
quenching method. All high-purity chemical materials of reagent grades (as starting
raw materials) were bought from Merck & Co., without any further purification.
Generally, after dehydration process which prevents any volatilization, during the
melting and processing of each sample in porcelain/alumina crucible, the liquid was
stirred every about 5 min to obtain the homogeneous melts and so to prevent the
separation of the initial glass constituents; generally, melting temperatures of glass
series were within the range of 640–980 �C, depending on the composition and the
molar ratio of the components. Samples (corresponding to the needed characteriza-
tion) were provided in bulk or film states. Film samples were obtained from the
blowing of the viscous melt by a fine tube such as bore-silica. To obtain the bulk
samples, the obtained melts were poured on to a steel or brace mold and immediately
pressed by another polished mold (to obtain disks of uniform, parallel, and flat
surfaces), where both blocks were kept at room temperature. The fabricated bulk
glasses were immediately annealed at a suitable fixed temperature (corresponding to
the composition and in better word by considering the glass transition temperature
Tg) for a period of about 2 h to achieve more homogeneous structure and also to
remove mechanical stresses resulting from the quenching process [50]; as mentioned
before, annealing temperature must be chosen well below glass transition region and
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also well below glass transition temperature (~ at least 50 �C lower than Tg) to ensure
the amorphous nature avoiding any crystallization occurrence; annealing process can
assure the reliability and validity of the results of experiments on the structural
parameters of glass such as those of thermal, mechanical, and elastic experiments.

Initial structural information of the under-reviewed samples were taken from
XRD diffraction patterns of the fine powdered samples at room temperature,
which confirmed their vitreous nature. Sometimes, to more analysis and to certify
the XRD results, SEM or FESEM images were provided to obtain more light on their
microstructure. In optical absorption experiments, the outputs of UV-visible spectra
(~190–1100 nm) were recorded at room temperature from the amorphous layer
samples; from these spectra, some important optical data such as optical bandgap,
Urbach energy, and the nature of optical charge carrier transition were obtained to
give more and valuable awareness on the energy band structure. Besides our glasses,
the compositions of 60Bi2O3-(40-x)TeO2-xV2O5 (x ¼ 0, 5, 10, and 15) abbreviated
as BTVx [51] have been reviewed comparatively.

Some other worthy parameters in study and in application of a glassy material are
characteristic temperatures such as glass transition temperature Tg, crystallization
temperature TCr, and the onset temperature of crystallization process Tx, which were
taken from differential scanning calorimetry (DSC) experiments at different heating
rates; these temperatures help the determination of thermal and more structural
information of the glass and so the thermal stability and glass-forming tendency.
Furthermore, the existence of flat baseline before the glass transition region con-
firmed the amorphous nature of the studied glasses; more details of DSC experi-
ments are given in Sect. 5.4.2.1.

Thermoelectric effect and so Seebeck coefficient (S) for some of the mentioned
glass series was measured within the relatively wide temperature range. The Seebeck
coefficient of the glasses containing MoO3, Sb2O3, and Sb was measured in the
range of 250–470 K in a calibrated system using a cryogenic system of Janis-CCS
450(USA) under suitable vacuum. The thermoelectric potential difference was
measured by a digital multimeter (Tti-Thurlby, 1906 GP, UK, or Keithley 196 system
DMM microvoltmeters), with a design in which two spring loaded copper-
constantan thermocouples were placed on two opposite highly polished parallel
faces of the glass (as hot and cold faces with a temperature gradient of about
ΔT ¼ 4–6 K). To produce the temperature gradient, small heat sources (heaters
having a DC power of about 7 W) were employed. Upon another research work by
H. Mori and H. Sakata [52], in the case of glasses having the compositions of (96-x)
V2O5-4Sb2O3-xTeO2 (x ¼ 33,40, 52 and 71) and (94-x)V2O5-6Bi2O3-xTeO2

(x ¼ 25, 34, 64, and 74), high-temperature Seebeck coefficient has been estimated
to be within the temperature range of 373–473 K, using two thermocouples of Cu-Co
between two opposite surfaces of the sample which suffer a temperature gradient. To
produce a gradient temperature, an electric furnace has been employed. In the
mentioned work, temperature difference has been ΔT~5–10 K, in which the hot
face of the samples has been placed near the coil of the electric furnace in the
ambient pressure, and when ΔT > 10 K, argon gas has been flowed on the opposite
face. For a more clear study of Seebeck effect and some structural parameters such as
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oxygen molar volume, the quantity of reduced ratio of transition metal ions should
be determined; its determination method (as titration) will be discussed in Sect.
5.4.3.1.

5.3 Different Approaches on the Determination of Optical
Bandgap with the Emphasis on DASF Method;
Introduction to Some Optical and Structural
Parameters

As known, many theories in different scientific fields have been improved once or
step by step during the time to remove the whole or some parts of the inadequacies or
simplifications of the older versions. In the field of optical absorption and determi-
nation of optical bandgap, we encounter such revolutions, or in other words
improvements have been occurred. What is noticeable is the use of an easy, rapid,
reliable, and more precise approach for evaluation of the optical bandgap (Eg) and
also the exact nature of charge carrier optical transitions, which is related to the direct
outputs of experimental equipment, not on different side parameters. Crucially, the
more accurate the evaluations are, the less unwanted errors there will be, resulting in
great design and excellent device optimization. In continuation, based on literature
and reviewing the older methods and some difficulties with them, the newest revised
method (reported by D. Souri & Z. E. Tahan 2015 [44]) is introduced.

5.3.1 Tauc’s Method

The energy band structure of semiconducting crystalline, amorphous, and nano-
structured materials is fundamentally different; the existence of non-sharp band
edges and so the appearance of band tails in the gap in the vicinity of band edges
or deep in the gap mean the somewhat difficult bandgap determination of amorphous
ones. Such problem arises from the complexity in the definition of the true optical
bandgap, in which one can define the pseudo-gap.

Upon Tauc’s formalism [53], the following equation has been introduced for
absorption coefficient of semiconductors as:

αhω ¼ B hω� Egap
� �m ð5:1Þ

where hω, Eg, and m are correspondingly incident photon energy, optical bandgap,
and the index which can possess different 1/2, 3/2, 2, and 3 values corresponding to
the type of carrier transition; B is a constant called the band tailing parameter [54]. In
Eq. 5.1, the absorption coefficient, α(ω), has been defined as [54]:
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α ωð Þ ¼ 1
d

� �
ln

Io
It

� �
¼ 2:303A

d
ð5:2Þ

where d, A, Io, and It are thickness of the sample, optical absorbance, intensity of
incident, and transmitted beam, respectively.

By using (choosing) the optimum m value, Tauc’s plot as (α hω)1/m vs. hω results
in determination of Egap from the extrapolation of the linear part of plot to intercept
hω at (α hω)1/m ¼ 0.

5.3.2 Absorption Spectrum Fitting Method (ASF)

As is clear from Tauc’s formalism, one of the error sources in bandgap evaluation is
the needed thickness of the sample/concentration of the solution. Such parameter
cannot be measured precisely because of the limited accuracy of equipment and also
due to the probable nonuniform thickness or concentration; so, absorption coefficient
is not precise and affects the estimated bandgap values. Revised Tauc’s formalism
called as ASF method was suggested by D. Souri and K. Shomalian (2009) [55] for
semiconductors; in the mentioned formalism, employing the Beer-Lambert law
(α(λ) ¼ (2.303/d )A) in Eq. 5.1, one can reach the following equation [55]:

A λð Þ ¼ C λ λ�1 � λ�1
g

� �m
ð5:3Þ

where C ¼ [B(hc)m � 1 d/2.303], in which λg, h, and c are wavelength corresponding
to the optical gap (EASF

gap ¼ hc=λg ¼ 1239:83=λg), Planck’s constant, and the velocity
of the light, accordingly. In this method, there is only the need for direct absorption
data rather than the absorption coefficient.

Similar to Tauc’s approach, the first one has to examine different values of m and
obtain its optimum value and then achieve the optical bandgap by plotting the curve
of (Aλ�1)1/m vs. λ�1. The advantage of ASF with respect to Tauc’s is that of using the
direct absorption spectra without any need for film thickness or the concentration of
solution, which removes one of the error sources in bandgap determination.

5.3.3 Derivation of Absorption Spectrum Fitting Method
(DASF)

Although Tauc’s and ASF have been extensively used [11, 44, 53, 54], as stated in
Sects. 5.3.1 and 5.3.2, one should examine different m values for the index of optical
charge carrier transition, choose its optimum value by checking the linear correlation
coefficient of the linear part of the plots, and then estimate the bandgap using the
selected value of m. In other words, presumption of transition index is necessary,
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which is assisted with using of least square methods; such manner accompanies with
some errors. In an advanced approach, we must avoid any need to sample thickness
and also avoid any need to presumption of transition index, which surely affects
bandgap values and so device optimizations. Upon these comments, revised ASF
method abbreviated as DASF was proposed (as new method on determination of
bandgap and exact type of carrier transition) by D. Souri and Z. E. Tahan 2015 [44];
this method only needs the direct output of a spectrometer as absorbance spectrum,
preventing any need for any further factors. This approach has been recently used in
different systems [11, 43–47].

To give more insight about DASF, formula extraction is reviewed in brief; Eq. 5.3
can be rewritten as follows:

ln A λð Þλ�1
� 	 ¼ ln Cð Þ þ m ln λ�1 � λ�1

g

� �
ð5:4Þ

where C ¼ [B(hc)m � 1 d/2.303], and then

d ln A λð Þλ�1
� 	
 �
d λ�1
� � ¼ m

λ�1 � λ�1
g

� � ð5:5Þ

As is clear from Eq. 5.5, a discontinuity is observed in the
d ln A λð Þλ�1½ �f g

d λ�1ð Þ vs. (λ�1)

plot at λ�1 ¼ λ�1
g ; employing the value of λ�1

g at the discontinuity of such plot,
bandgap value is directly obtained fromEDASF

gap ¼ 1239:83� λ�1
g (in eV) without any

presumption about the value of m (as the nature of transition).
As can be deduced from the abovementioned characteristics of DASF, this

approach has no deficiency of linear extrapolation in determination of bandgap; as
known, it is because any extrapolation involve the large sensitivity to the range over
which the extrapolation is taken, while DASF avoids such inadequacy since the
whole of spectrum is fitted. Now, upon Eq. 5.4, by employing the precise λ�1

g values,
the index of optical transition (m) can be estimated (without any presumption) from

the slope of the plot of ln[A(λ)λ�1] versus ln λ�1 � λ�1
g

� �
.

5.3.4 Some Optical and Structural Parameters: Optical
Basicity, Electronic Polarizability, Molar Refractivity,
Metallization Factor, and Refractive Index

• Molar volume, optical basicity, and electronic polarizability

The molar volume of a multicomponent glass is obtained using the following
equation:

5 Optothermal Properties of Vanadate-Tellurite Oxide Glasses and Some. . . 73



Vm ¼
X
i

Mi=ρ ð5:6Þ

whereMi¼ xi mi (xi Ci andmi as molar concentration and the molecular weight of the
ith component, respectively) represents the molar mass of glass.

Optical basicity of a glass can be obtained from [55]:

Λth ¼¼
X
i

xiΛi ð5:7Þ

where ΛTeO2 ,ΛV2O5 denotes optical basicity of ith component which can be taken
from Ref. [1].

Polarizability might be considered as some microscopic and macroscopic chem-
ical and physical properties such as optical absorption and ionic refraction (i.e.,
refraction for each ion which is proportional to the radius of ion). The oxide ion
polarizability (α0

2�) can be introduced as [55, 56]:

Λth ¼ 1:67 1� 1
α2�0

� �
ð5:8Þ

• Molar refractivity and metallization factor

The molar refractivity (Rm) (in proportionality with the polarizabilities of the
glass constituent ions) is defined as follows [37, 55]:

Rm ¼ Vm
n2 � 1
n2 þ 2

� �
ð5:9Þ

where Vm is the molar volume of glass and n is refractive index. Besides the different
approaches (such as temperature dependence of electrical conduction, optical spec-
tra, and thermoelectric experiments), one of the conditions/ways to predict the
conductivity nature of a sample can be defined based on metallization factor; this
parameter is given as [38]:

M ¼ 1� Rm=Vm ð5:10Þ
Then,

(i) If Rm/Vm > 1, solid has metallic behavior.
(ii) If Rm/Vm < 1, solid has semiconducting nature.

• Oxygen packing density and oxygen molar volume

Another noticeable structural parameter which can be used in explanation of
optical absorption is oxygen packing density (OPD). OPD and molar volume depict
the compactness/rigidity in glass structure; so these two parameters can give trends
of the concentration of bridging (BOs) and non-bridging oxygen atoms (NBOs).
OPD is given as [55]:
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OPD ¼ ρNO=M ¼ NO=Vm ð5:11Þ
where ρ, NO, M, and Vm represent the density, the number of oxygen atoms per
formula unit, molecular mass, and molar volume, accordingly.

In addition, another worthy structural quantity is the oxygen molar volumeV∗
O, in

which increase of V∗
O means the increase of NBOs and so increase in fragility [58].

V∗
O is defined as follows for TeO2-V2O5- (AyOz or A) systems:

V∗
O ¼ MV2O5 � 16CVð ÞxV2O5 þMTeO2xTeO2 þMAyOz or AxAyOz or A


 �
ρ 5� CVð ÞxV2O5 þ 2xTeO2 þ zxAyOz or A


 � ð5:12Þ

where Mi is the molar weight and xi represents the mole fraction of each of the glass
components. Also, CV ¼ [V4+]/Vtot is the ratio of reduced vanadium ions as [V4+]/
Vtot, which will be introduced in Sect. 5.4.3.1.

• Refractive index and description of optical susceptibility χ(3)

Optical bandgap (Eg) and refractive index (n) are in specific relation as proposed
by Dimitrov and Sakka [59]:

n2 � 1
n2 þ 2

¼ 1� Eg=20
� �1=2 ð5:13Þ

So, employing the data of Eg, n is estimated. Furthermore, another parameter
related to bandgap and refractive index is known as nonlinear optical susceptibility
χ(3). This parameter is in inverse relation with bandgap [55, 58] and is a vital factor
in suggesting a material for optical applications, as will be discussed in Sect. 5.4.

5.4 Optothermal Properties of Multicomponent Tellurite-
Vanadate Oxide Glasses

Nowadays, to suggest a material in special application, some factors play important
roles; in other words, different materials compete by their environmental and speed
of operation and also in the point of view of economics. Additionally, high reliability
and high durability in ambient atmosphere, simplicity, and cost in material prepara-
tion are vital. Upon these circumstances and with those properties mentioned in Sect.
5.1, multicomponent TeO2-based glasses are beneficial materials, because they have
some exceptional properties which other engineering materials lacked. These glassy
systems, along with the search for new glasses with specific characteristics, are still
evolving and comprehensive. Generally, with the view of special requests, different
fields of verification are important and necessary; according to the optothermal field,
optical, thermal, mechanical, and thermoelectric investigations are equally impera-
tive to study the material features. Optothermal characterization of different tellurite-
vanadate glasses is reviewed in this section.
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5.4.1 Optical Bandgap and Some Related Optical
and Structural Properties of TeO2-V2O5-AyOz (or A)
Glasses

Measuring the bandgap is important in the amorphous, crystalline, and nanostruc-
tured semiconductors. The analysis of optical absorption, especially the shape and
shift of absorption edge, has been always an influential way in realizing the nature of
optical charge carrier transitions and the energy band structure [54, 55, 60–64];
therefore, UV-visible spectroscopy is the most dominant instrument to achieve the
band structure of semiconductors [65–67]. Because of the discrepancies between the
reported data of optical bandgap for different materials, the great importance of
material quality, and enough optical knowledge in optical device manufacturing
[68], one must use a reliable and precise method. All of the methods for determina-
tion of optical bandgap and optical carrier transition feature use the crop of
UV-visible spectroscopy; but, some methods need direct absorption spectrum,
while others need additional factors (such as film thickness/the concentration of
solution) besides the absorption. As stated in Sect. 5.3, Tauc’s, ASF, and DASF were
compared due to their deficiencies and advantages. DASF technique can be used, as
a more accurate method, to escape non-precise reports on optical gap.

In this section, optical and some structural properties of our glasses with the
composition of 40TeO2-(60-x)V2O5-xAyOz (or A) are reviewed. Upon the chemical
formula of the third component (MoO3, NiO, Sb2O3, Ag2O, and Sb), glasses having
these components were abbreviated as TVMx, TVNx, TVSx, TVAgx, and TVSbx,
accordingly. All glasses have been prepared by rapid melt quenching method. x as
the mole fraction of the third component was varied between 0 mol% and a
maximum relating to the composition and in better word relating to the glass-
forming region of each system. Table 5.1 denotes the variety in composition for
different glass systems. Densities were measured by Archimedes’ principle, and
melting points (Tm) are those estimated during the melting in an oven in air (see
Table 5.1).

From Table 5.1, it is observed that the mole fraction of the third component is
more limited for systems containing Sb and Sb2O3. The more extended glass-
forming region was devoted to compositions containing MoO3 and Ag2O, because
of the good glass-forming ability of molybdenum and silver oxides. Related to the
subject of optical bandgap and optical properties, it should be declared that the
bandgap and the nature of optical carrier transition of TVMx, TVNx, and BTVx
glasses have been obtained by using Tauc’s method [53]; for those of TVSx and
TVSbx, ASF approach [55] has been employed; but in system of TVAgx, DASF
[44] was employed as the newest, accurate, and reliable approach and then compared
with the outputs of ASF. Upon the discussions in Sect. 5.3, reported data on optical
(stating the method used) and structural parameters of the studied glasses are
presented in Table 5.1. Typically, besides the absorption spectra, ASF and DASF
plots of TVAgx glass system are presented in Figs. 5.1a, b, and c. As is clear from
Fig. 5.1c, in DASF manner, λg�1 corresponds to EDASF

g which can be obtained
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directly and accurately from the discontinuity observed in
d ln A λð Þλ�1½ �f g

d λ�1ð Þ vs. (λ�1)

curves.
From the data listed in Table 5.1 and Fig. 5.2, in TVMx systems a regularly

increasing trend is observed for Eg [69], ranging from 1.7 to 2.85 eV. For that of
TVSbx, there is a minimum of 1.57 eV for TVSb8, mentioning the value of 1.73 eV
for TVSb0; in the case of TVSx glasses, Eg ranged from 1.74 to 1.37 eV,
(corresponding to the start point of x¼ 0 and end point as x¼ 10 mol% of vanadium
pentoxide), with a maximum of 1.98 eV for TVS5. BTVx glasses have been pointed
out a decreasing trend with increase of V2O5 content, in which the data have been
2.83 eV for BTV0, 2.79 eV for BTV5, 2.67 eV for BTV10, and 2.53 for BTV15.
Figure 5.2 shows the comparative plot of the variation trends of optical bandgap for
different reviewed glasses, besides mentioning the theory and reference number
which were used. As known, in optical applications such as optical fibers, we
need glassy samples with narrower bandgap and hence with higher optical suscep-
tibility χ3; thus, reviewing Table 5.1, samples of the lowest optical bandgap can be
initially/conditionally selected between all other here-studied samples as those
have higher capability in optical devices such as optical fibers; but further

Fig. 5.1 40TeO2-(60-x)V2O5-xAg2O (TVAgx) glasses: (a) UV-Vis absorbance, (b) plots of (A/λ)2

vs. λ�1 in ASF approach, which has been drawn using the optimum value of m ¼ 1/2. As depicted
by dashed-dotted line, band edge was obtained in the linear absorption region from the intercept of
the linear part at (A/λ)2 ¼ 0; (c) depiction of DASF plots (upon Eq. 5.5), in which the inset clearly
shows the discontinuity in DASF plot as indicated by λg

�1 [44]
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considerations/conditions on thermal and mechanical aspects must be included; what
is necessary to be noted is that, in such applications, the only requirement is not the
mentioned criterion; one should consider other vital conditions; in better word,
device operation under different ambient situations means the necessity of good
thermal durability and stability of the sample used. Such variants can guarantee the
better signal transfer. Further discussion on the calorimetric aspects, thermal stability
and its different criteria and so glass-forming tendency, will be presented in Sect.
5.4.2. From the compositional details of the reviewed glasses, one can sometimes
observe different values of Eg for the same glasses; such results can be somewhat due
to the preparation conditions; but, essentially it seems to be related to the estimation
errors of older methods.

In continuation, an attempt is done to review some tellurite glasses; but for more
clarity and to more easy tracking of the discussions, TVAgx system has been
discussed in more detail (other systems have been briefly data reported in Tables 5.1
and 5.2); thus as mentioned before, the outputs of ASF and DASF performance on
TVAgx glasses were shown in Figs. 5.1a, b, and c; summarized results of such
comparison are listed in Table 5.1 and presented in Fig. 5.2, confirming the validity
of DASF technique, which has the minimum error in evaluations; Fig. 5.2 implies on
two points of view for TVAgx samples, namely, high coincidence of ASF and DASF
results for TVAgx (with a few percent discrepancy between them) and, also, the
more accurate DASF gap determination without any presumption on the optical
charge carrier transition and no any use of extrapolation method. In the mentioned
work, ASF plots were depicted for m ¼ 1/2, which is the optimum m value that was
obtained by testing different m values.

DASF approach has been employed in several glassy [11, 43–45] and nanostruc-
tured [47, 48] systems. For instance, because of the great importance of accurate

Fig. 5.2 Comparative plot of the variation trends of optical bandgap (Eg) against V2O5 content for
different tellurite-vanadate glasses; in the legend of each series, bandgap approach method and its
related reference were written
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scientific optical reports, as reported in the work on ZnSe nanocrystals (NCs) done
by M. Molaei et al. [63], reported trend of bandgap (which has been obtained
qualitatively) was revised and corrected by using DASF as a separate work by
D. Souri et al. [47], which shows different trend in respect with the first qualitative
reports of M. Molaei et al. [63].

As is obvious from Fig. 5.2, DASF outputs on TVAgx system showed two
regions for bandgap such as (i) decreasing trend region from 2.35 eV to 2.19 eV
for 0 � x (mol%) � 20 and (ii) increasing trend region from 2.19 to 2.72 eV for
20 � (mol%) � 40.

Generally, in oxide glasses, the behavior of bandgap is attributed to the change in
the content of non-bridging oxygen (NBO) atoms. It is generally believed that the
increase of NBOs changes the glass structure and then shifts the band edge toward
red. Therefore, in TVAgx glasses or in any oxide glasses, any decrease in energy
bandgap value might be due to the eruption of the bands and creation of dangling
bands such as NBOs [11, 43, 49, 54]. Such explanations can be validate using the
exploring of Urbach energy as the tail of the localized stated in the adjacent of the
band edges; in other words, if the addition of the concentration of a component in a
supposed oxide glass causes the decreasing of bandgap, it could be explained upon
the increase of the lattice disorder and so the more extension of the localized states
within the gap according to Mott and Davies [62]. Another worthy mentionable
subject is the introducing of the m-index by using DASF bandgap; based on Eq. 5.4,
employing the precise λ-1g values, the index of optical transition (m) can be estimated
(without any presumption) from the slope of the plot of ln[A(λ)λ�1] versus

ln λ�1 � λ�1
g

� �
; such plots are presented in Fig. 5.3 for TVAgx system.

Fig. 5.3 m-index estimation of the compositions TVAgx in DASF approach, which is obtained by
plotting ln(Aλ�1) vs. ln(λ�1�λg

�1) using the correspond values of λg
�1 values of each sample; upon

Eq. 5.4, the slope of such plots indicate m (middle part of a curve corresponds to absorption region,
as indicated by dashed-dotted line for x ¼ 30 mol%) [44]
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As is observed in Table 5.1, different glasses have been reviewed by several
properties such as bandgap; the interface of such systems is the investigation of
tellurite-vanadate glasses without the third component, which have nearly same
compositions in details. As is clear from the data of Table 5.1, the scattered bandgap
values have been reported for TeO2-V2O5 glass in separate works, although the
samples have been prepared by the same method as melt quenching. These scattered
values show the inadequacy of the older methods of Tauc’s and somewhat ASF,
because of their defects (such as presumptions on optical transitions and especially
the extrapolation) which are explained in detail in Sect. 5.3. This is not reasonable
that in relatively same conditions, there be discrepant and not reliable reports. These
points should move researchers toward the more accurate methods with more
simplicity in performance. In brief, with the above limited comparison, one can
validate the DASF as starting point in evaluation of bandgap and all other optical
properties belong to Eg.

As mentioned before, there is several parameters recognizing the trend of optical
and also structural properties, which some of the most important parameters are
listed in Table 5.2. Figure 5.4 shows the OPD behavior of TVAgx [55], TVSbx [75],
and BTVx [51] glasses as examples. BTVx system shows a fairly regular decrease in
OPD with increase of V2O5 content, while TVSx cases present the nonlinear and
complex behavior showing a drastic change at x¼ 12 mol%. In TVAgx glasses there
is a relatively decreasing trend in OPD, except a slight increase at x ¼ 20 mol%,
which indicates its more strong and more stable structure. Moreover, the nonlinear
optical susceptibility χ(3) is in inverse proportionality with energy bandgap (or in
direct proportionality with the refractive index), and so it elevates if the energy
bandgap decreases [18, 27, 59]; so, higher χ(3) and then lower Eg means the good
optical capabilities in industry; such properties of this glass composition (x ¼ 20 in

Fig. 5.4 Comparative plot of OPD versus V2O5 content for different tellurite-vanadate glasses; in
the legend of each series, the related reference was mentioned
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TVAgx) can be a reason to be introduced as promising material in optical device
optimizations such as optical fibers; it should be mentioned that any suggestion of an
optical material in optical fibers needs additional condition such as high thermal
stability, which will be discussed in the next Sect. (Sect. 5.4.2.2); it means that
simultaneous optimum capabilities should exist.

Several valuable parameters help us to decide about the advantages of glass, i.e.,
density, molar volume, optical basicity, molar refraction, polarizability, OPD, char-
acteristic calorimetric temperatures, and thermopower.

Usually, density and the molar volume exhibit an inverse behavior. Such relation
could be seen for different glass systems as listed in Tables 5.1 and 5.2.

Another helpful parameter is the optical basicity and can be explained in terms of
change in NBOs and coordination number. There is an expected increase of bandgap
with decrease in optical basicity, if a drastic and critical structural change does not
occur. In the case of TVAgx, an increase in Ag2O content (as a network modifier)
causes two distinct bandgap regions; in the 0 � x (mol%) � 20 region, the expected
trends for Eg

DASF and optical basicity is observed, denoting the increase of NBOs;
but, for 20 � x (mol%) � 40, nevertheless of increasing in optical basicity, optical
bandgap shows an increasing trend, which might be attributed to the structural
modifications. Such structural changes could be observed in XRD patterns of these
glasses as reported and explained in more detail in ref. [44] and also SEM images
reported in Ref. [28]. The data of some other tellurite glasses are tabulated in
Table 5.2.

Also, ion polarizability (α0
2�) of oxide glasses can be estimated by Eq. 5.8, using

the data of Ʌth. Generally, polarizability is defined in which to be related to some
microscopic and macroscopic features like optical absorbance and ionic refraction
(i.e., refraction for each ion in direct proportionality with the radius of ion). The data
of polarizability are available for some glass systems in Table 5.2. For the tellurite-
vanadate glasses containing silver oxide, the increasing trend of polarizability
suggests the increase in ionic nature of glass with addition of Ag2O, which is
expected output and is in good accordance with the DC electrical conductivity
data [76] on the same glasses (i.e., electrical conduction mechanism has shown a
clear change from polaronic to mixed polaronic-ionic for x� 20, meaning the critical
x value as also seen in optical bandgap). Using Eq. 5.9 for molar refractivity (Rm),
one can identify the conductivity behavior of a glass by employing the metallization
parameter (M ¼ 1 � Rm/Vm); conditions of Rm/Vm > 1 Rm/Vm < 1 are correspond to
metallic and semiconducting behavior, respectively. For example, in TVAgx, the
result of Rm/Vm < 1 has been obtained confirming the semiconducting behavior,
which is in good matching with the absorption data [44] and also the temperature
dependency of their electrical conductivity [76]. Also, BTVx and TVSbx systems
show the semiconducting nature. Moreover, as is clear from Table 5.2, a critical
molar ratio of silver oxide (x) could be observed from the trend of M, which in
similar with the trend of Eg, two same compositional regions are denoted. The
minimum value of M is devoted to x ¼ 20 mol%, which might be interpreted as
widening the width of both valence and conduction bands in the compositional range
of 0 � x � 20 and especially at x ¼ 20; such interpretation is in accordance with the
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minimum bandgap of this glass with twenty percentage of silver oxide. A relevant
optical parameter is the refractive index (n) which should have the inverse trend with
the optical gap [38] as will be presented in continuation; employing Eq. 5.13,
refractive index (n) at the absorption edge can be evaluated and discussed. Collected
data of refractive index for different glasses are tabulated in Table 5.2, generally
indicating the mentioned/expected inverse relation with energy bandgap. In the
focused glass system of TVAgx, again and again one can observe the critical
x value at 20 mol%, in reasonable matching with the previous optical, mechanical,
elastic moduli, thermal, and structural aspects [27, 43, 55]; such explanations on the
results for refractive index can be understood based on the data of OPD and V∗

O ;
collected data of these factors are presented in Table 5.2 in different oxide tellurite
glasses. Having the data of ρ, NO,M, and Vm (described in Sect. 5.3.4.), OPD can be
estimated. Commonly, OPD and Vm are demonstrations of the compactness/rigidity
of a glass structure and are reasonably in inverse relation. Trend of OPD or Vm

signifies that glass of lower OPD has lower rigid/ compact structure (weakening of
the structure), implying on the increment in free volume. Plots of OPD are depicted
in Fig. 5.4 and the data of Vm are presented in Table 5.1. In Fig. 5.4 and Table 5.1,
some Te-based glasses have been compared. It is clear the inverse proportionality of
OPD and Vm. Also, as mentioned before, for TVAgx glasses, there is a behavior
change at x¼ 20 as a slight increase, which is in good agreement with the previously
explained data and will be justified with the results of oxygen molar volume.
Alternatively, glass containing 20 mol% of silver oxide is introduced as a good
candidate for optoelectronic application because of its strength and stable structure
besides the optimum optical properties. On the other hand, glasses of higher
OPD/lower molar volume/lower oxygen molar volume should have higher ultra-
sonic velocities and then higher mechanical/elastic moduli. In the case of TVAgx,
such mechanical outputs, confirming the all before explained results, have been
reported in Ref. [28]. Also, structural and elastic and microhardness properties of
TVSbx [75] have been reported in relating to their optical properties. All of these
findings reveal the general expected relations between the different quantities, as
presented during the previous discussions. As TVAg20 is the optimum optical glass
in TVAgx glasses, it has been found that TVSb12, TVS8, and BTV0 are optimum
materials in the systems with the compositions of 40TeO2-(60-x)V2O5-xSb2O3 [55],
40TeO2-(60-x)V2O5-xSb [50], and (40-x)TeO2-xV2O5-60Bi2O3 [51], respectively.

Moreover, another valuable and informative parameter, which can guide the
readers about the structural and related optical properties of a glass, is the oxygen
molar volume (V∗

O ) as expressed by Eq. 5.12. To evaluate V∗
O, it is necessary to

measure CV ¼ [V4+]/Vtot) as the ratio of reduced vanadium ions, which the method
for its determination will be introduced in Sect. 5.4.3.1. Table 5.2 represents the
comparative data of this parameter for different here-reviewed glasses. It is known
that decreasing of V∗

O means the increase in glass stability or decrease in structural
fragility. The valley value of V∗

O is devoted to TVAg20 in TVAgx glasses
(~12.860 cm3 mol�1) and TVSb12 in TVSbx (~ 12.621 cm3 mol�1 (. Thus glasses
possessing lower V∗

O are higher thermal stable glasses, which confirms the results of
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OPD (see Fig. 5.4). As stated before, additional calorimetric analysis is needed for
more precise judgment about the promising materials in applications.

The refractive indices of glasses of TVSx, TVSbx, TVAgx, and BTVx have been
reported at the absorption edge (see Table 5.2); but as reported in Ref. [54] for TeO2-
V2O5-NiO, one can obtain the dispersion of refractive index at the whole of
wavelengths above the absorption edge by employing the Swanepoel method [77]
which has been suggested based on Manifacier approach [78]. In this method one
can benefit the probable interference pattern with a sharp fall of transmittance at the
band edge; so, transmittance spectra in UV-Vis spectrum is used by plotting an upper
and lower envelopes on the transmission spectrum in the weak absorption region
beyond the absorption edge. From the envelopes, parameters such as Tmin and Tmax

can be obtained as the values of the envelopes at the wavelengths in which the upper
and lower envelopes at the experimental transmittance spectrum are tangent, corre-
spondingly. Therefore, retaining the mentioned single oscillator model of
Swanepoel, the refractive index n(λ) can be calculated by:

n λð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2 � N2

S

qr
ð5:14Þ

where

P ¼ 2NS
Tmax � Tmin

Tmax � Tmin

� �
þ NS

2 þ 1
2

ð5:15Þ

where NS is the refractive index of the substrate of the understudied film.

5.4.2 Calorimetric Aspects and Thermal Stability

5.4.2.1 Calorimetric Analysis and Characteristic Temperatures

We can complete all aforementioned aspects and findings by introducing the calo-
rimetric properties. Nowadays, glass compositions are extensively investigated, in
which the increasing of the number of these glasses leads to the extension of their
compositional range and also their usage; thus, efforts to get as much as possible
information about their various properties such as thermal aspects seem to be
mandatory, desirable, and satisfactory. On the other hand, nevertheless that crystal-
line materials are properly comprehended for their physical properties, glassy mate-
rials are not sufficient; moreover, in the case of amorphous materials, the extension
of experimental investigations can somewhat remove the difficulties raised from
theoretical complications and fairly poor experimental information.

Development of oxide glasses, especially Te-based ones, needs the suitable
understanding of their thermal properties; thus thermal and calorimetric analysis
(such as DSC, DTA, etc.) has a noteworthy role in this subject. DTA and DSC can
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directly give the thermodynamic characteristic temperatures, which play a dominant
role in reviewing the potential benefits of glasses and also in understanding of their
physical properties. Calorimetric experiments are assisted with the heating of glass
under a definite heating rate; in a typical DSC output/curve, a flat baseline and at
higher temperatures an endothermic region (attributed to the glass transition tem-
perature (Tg)) are clearly observed before the exothermal peak/peaks of crystalliza-
tion process, in which show amorphous nature and a change in vitreous structure,
respectively. So, Tg is the lowest temperature in which with increase of temperature
above Tg, a vitreous system is able to move toward steadiness in its atomic config-
uration and so crystallization. Characteristic temperatures such as Tg are heating rate
(φ) dependent, and this dependency of Tg leads the determination of glass transition
activation energy [6–8, 12–13,18,23–26,32,35,44,55,57,69–71]. From calorimetric
analysis, one can deduce the strong/fragile character of a glass, relating to the degree
of structural reorganization with temperatures near the glass transition region.

In the glass systems reviewed in this chapter, differential scanning calorimetry
(DSC) has been used under dynamic N2 gas atmosphere with a fixed flux to
guarantee the constant pressure during the experiment; to obtain the glasses with
the same initial thermal conditions, an isothermal process has been executed; in such
isothermal process, the glass was first heated at a definite heating rate up to ~30 K
higher than its Tg keeping it at this temperature for about 5 min to remove the
previous thermal history of the glass relating to the melt quenching. Then glasses
should be cooled at the same heating rate to a temperature about ~100 �C below their
Tg. Now, samples are ready to be experimented via DSC at different desired heating
rates to obtain their calorimetric characteristics. As is clear from Fig. 5.5, TVAgx
glasses were investigated by DSC at rates (φ) of 2.5, 5, 7.5, and 10 K/min; in the case
of TVNx [79], TVSbx [8, 26], and TVSx [24, 25], DSC was performed at the rates of
3, 6, 9, 10, and 12 K/min within the temperature range of 20–500 �C. Finally, DSC
thermograms were obtained at several heating rates. In such thermograms, clear
glass transition endothermic region and crystallization peak/peaks appeared enabling
the determination of glass transition and crystallization kinetics, respectively. The
sample weight needs in each DSC experiment is about 5–8 mg.

From a DSC thermogram, characteristic temperatures as glass transition temper-
ature (Tg: as the midpoint of endothermic region of DSC curve), the first and
successive crystallization temperatures (Tcr and T’cr) and also the onset temperature
of crystallization process (Tx) can be obtained; such characteristic temperatures are
elucidated typically in the inset of Fig. 5.5. These characteristic temperatures show
the increasing trend with increase of heating rate, in which such dynamic features
give more light about the fragile/strong of a glass by obtaining the glass transition
activation energy and crystallization activation energy [35, 58, 80–82]. One of the
main usages of characteristic temperatures is in obtaining the thermal stability and
glass-forming tendency of a glass, as will be discussed in Sect. 5.4.2.2. Further
information can be obtained from the DSC thermograms. Some of these quantities
are glass transition activation energy, crystallization activation energy, Avrami index
relating to the dimension of crystalline growth in the amorphous matrix, kinetics of
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glass transition and crystallization processes, fragility, viscosity, etc., which are out
of the scope of this chapter.

5.4.2.2 Thermal Stability

Thermal stability and glass-forming tendency in oxide glasses can be achieved by
using the calorimetric outputs. The glass stability and glass-forming ability param-
eters are directly related to the fragile/strong nature of a glass, and one can estimate
them from the values of characteristic temperatures Tg, Tx, Tcr, and Tm which are
glass transition temperature, the onset temperature of crystallization process, crys-
tallization temperature, and melting point, respectively [18, 27, 55, 58, 71, 83,
84]. Evaluation of glass-forming ability and stability can guide us well to the
capability of glass advantage in optoelectronic devices and signal transport. Differ-
ent definitions exist for stability, which can be summarized as follows:

(a) S1 ¼ Tcr�Tg [27, 55, 58].
(b) S2 ¼ Tx�Tg [58].
(c) Hruby parameter S3 ¼ Kgl ¼ (Tcr�Tg)/(Tm�Tcr) interpreted as glass-forming

tendency [85].
(d) Modified Hruby parameter S4 ¼ (Tx�Tg)/Tg [86].
(e) S5 ¼ (Tx�Tg)/Tm [87].

Fig. 5.5 DSC thermograms of a selected 40TeO2-40V2O5-20Sb2O3 (TVAg20) glass composition
at the rates (φ) of 2.5–10 K/min; the picked inset plot is devoted to the rate of 2.5 K/min, to indicate
more clear the characteristic temperatures for the reader [55]
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These definitions give same concept of thermal stability, in which their greater
values lead to their higher stability. Also, it should be mentioned that the optical
properties of a glass are in close link with the glass network modifications [28, 50,
75] and in better word with the thermal and mechanical findings; so, aggregation of
such aspects is useful in application suggestions. Additionally, thermal stability is a
significant parameter in the field of glass science. Parameters of S1 and S2 define the
thermal stability as the temperature range within which the glass does not tend
toward crystallization and then lead to the higher value of glass-forming tendency
(S3) and the higher quality of glass. Glasses may be used in optical devices such as in
optical fibers and waveguides and must have higher glass-forming tendency and
thermal stability besides the good optical properties such as higher χ3 (narrower
bandgap); glasses with high thermal stability do not undergo the formation of
crystallites (which can act as scattering centers leading to the considerable signal
weakening) inside their glass matrix.

Results of thermal stabilities are summarized in Table 5.2 for different glasses;
i.e., as is obvious, in TVAgx system glass with x ¼ 20 has the relatively highest
capability in glass forming (S3 is equivalent to glass-forming tendency which
sometimes called as Kgl) and has the highest thermal stability (S1 and S2), which
are in excellent agreement with the aforementioned findings on Eg, OPD, and
oxygen molar volume reviewed in Sect. 5.4.1. As seen in Table 5.2, tellurite-
vanadate glasses containing Sb, Sb2O3, and Ag2O have their higher stability at
x ¼ 12, 8, and 20, respectively (see Fig. 5.6). These results are in excellent
accordance with the results of OPD and V∗

O presented before. In brief, in TVAgx
system, glass with x ¼ 20 has relatively high thermal stability, high glass-forming
tendency, and higher OPD and V∗

O and so lower non-bridging oxygen ions (NBOs),
which show that it is a suitable option and promising material for optical and

Fig. 5.6 Comparative plot of glass-forming tendency (thermal stability) versus V2O5 content for
TVSbx and TVAgx glasses; in the legend of each series, the related reference was mentioned
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optoelectronic devices such as base semiconductor in solar cells and optical fibers
because of its resistance against thermal attacks and also its narrower bandgap.

Different reports on the applicability of thermal stable tellurite and vanadate
glasses in silicon solar cell [39], in heat pump in solar cells to improve the
photovoltaic system efficiency [40], and in optical fibers [59] confirm their potential
in optical and optoelectronic applications.

5.4.3 Thermopower: Seebeck Effect

5.4.3.1 Titration Procedure

In vanadate glasses such as what this work deals with, one of the key parameters in
determining oxygen molar volume (Sects. 5.3.4 and 5.4.1) and also to study the
details of Seebeck effect is the measurement of (CV ¼ [V4+]/Vtot) as the ratio of
reduced vanadium ions; titration process is the common process; in order to do this,
there are different ways such as cyclic voltammetry, titration, X-ray photoelectron
spectroscopy, etc. In multicomponent vanadate glasses, we commonly use a chem-
ical reaction of V2O5 and FeSO4(NH4)2SO4 solution for the titration, considering
that V2O5 (V

5+) reduces to VO2 (V4+) during melting in melt quenching method.
Titration process can be done by an algorithm involving three steps, which is
expressed here in more detail as guide for the readers.

• The first step of titration: preparation of required solutions

At this stage, we should provide two types of sample solutions (as sample
solutions A and B); one consists of only V5+ and another of a normal solution
owing different valence states of vanadium ions.

Sample solution (A) is provided by adding an oxidizing agent in order to V4+ ! V5+

(vanadate glass of about 0.2 g is dissolved in this solution). Diagram of the
preparation of this solution is seen in Fig. 5.7.

Sample solution B another sample solution is prepared in which any agent is not
used and V5+ and V4+ ions are present (the same glass of equal to 0.2 g is dissolved in
this solution); see diagram of this preparation step in Fig. 5.8.

• The second step of titration: titration by FeSO4(NH4)2SO4

The solutions A and B are titrated separately by FeSO4(NH4)2SO4 solution, and
then V ions are analyzed, which reach to (result A) and (result B), accordingly.
Indicator used in this process is diphenylamine with the chemical formula of
(C6H5)2NH; see Fig. 5.9 as a diagram of titration process.

It should be noted that, by testing the factor of KMnO4 and the FeSO4(NH4)2SO4

solution, one can obtain that 1 ml FeSO4(NH4)2SO4 solution reacts with 0.009226 g
V2O5 in sample solutions.
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• The third step of titration: determination of V4+ ions

The concentration of V4+ ions in the composition can be determined from the
difference between “results of A and B.”Moreover, we know V2O5 contains 56% of
V. The final calculations to obtain V4+, Vtot, and CV can be followed as illustrated in
Table 5.3.

The powdered glass in the beaker

Heating (at about 70°C) the beaker by using a water bath (for example).
After confirming that the powder becomes to be dissolved, please add H2O
50ml to the beaker. You can observe that the color of the solution becomes
to be yellowish green.

Heating (at about 70°C) the beaker

KMnO4 (color of this liquid material is purple)
Drop and drop silently

When the color of the solution in the beaker keeps to be
yellowish green, drop KMnO4 again silently.

When the color keeps to be pink or “wine” red, Please stop the
dropping. This color means the V4+ is oxidized to V5+.

Cooling the solution A Please confirm the temperature for the solution A is RT.

(NH2)2CO solution 10ml

Drop the NaNO2 solution until you can observe that the color changes to

be yellowish green again

Confirmation for the color of yellowish green means that you can go to the 2nd step.

H2O 5ml

H2SO4 2ml
Please wait 2~3min

H2SO4 2ml

H2O 5ml

Fig. 5.7 Step-by-step diagram of the preparation of sample solution A at the first stage

94 D. Souri



5.4.3.2 Thermopower and Applicability of Thermal Stable Glasses
in Photovoltaic Pannels

The thermoelectric effect (as a characteristic of thermoelectric materials) means the
Seebeck effect if temperature gradient generates an electric potential or Peltier effect
if an electric potential produces a temperature gradient; moreover, thermoelectric
materials are good options in applications such as power generation and refrigera-
tion. An environmentally friendly material to be used in special thermoelectric
application should have high figure of merit (as F ¼ S2 σ/kt , where S, σ, and kt
show the thermoelectric power, electrical conduction, and thermal conductivity,
respectively); in figure of merit, thermal and electrical conductivity compete. Glasses

The powdered glass in the beaker

H2O 5ml

H2SO4 2ml
Please wait 2~3min

H2SO4 2ml

H2O 5ml

You can go to the 2nd step.

Heating (at about 70°C) the beaker by using a water bath.
After confirming that the powder becomes to be dissolved, please add H2O
50ml to the beaker. You can also observe that the color of the solution becomes
to be yellowish green.

Fig. 5.8 Step-by-step diagram of the preparation of sample solution B at the first stage

The “Sample solution A or B”

Indicator Just 3 drops (You can observe that the color changes to be purple.)

Titration by dropping the FeSO4(NH4)2SO4solution

When you can observe the change of the color for the sample solution by dropping
FeSO4(NH4)2SO4 solution. please stop the titration. This is the end point of titration.

From this titration, you can obtain the “Results A and B”, respectively and please go
to the 3rd step.

Fig. 5.9 Diagram of titration process for sample solutions A and B; results A and B are denoted
hereafter by fA and fB, respectively
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may be good materials in this field, because they have low thermal conductivity [88];
in addition, glassy semiconductors are more promising candidates for thermoelectric
applications, because of their electrical conductivity nature. Thermoelectric oxide
glasses have been highly interesting due to their thermoelectric effect, driven by the
need to more efficient materials for electric or power generation. Such materials
become more important in the regime of reduction of the dependency to fossil fuels.
Searching for good thermoelectric materials leads to numerous works. In this
section, we review some glassy systems. As regards tellurite-vanadate glass to be
investigated in respect to Seebeck coefficient, we should have knowledge about the
reduced fraction of transition metal ions (Cv), which was introduced by experimental
titration method in the previous section. In Seebeck effect (as described experimen-
tally in Sect. 5.2), a temperature gradient (ΔT ) was supplied between two opposite
highly polished faces of a glass; such temperature gradient generates a voltage
difference (ΔV ) in microvolt; dividing the ΔV to ΔT gives the Seebeck coefficient
(in microvolt/K ) which can be obtained within a desired temperature range. Seebeck
coefficient of oxide glasses obeys the Heikes formula [89, 90] expressed by:

S ¼ KB=eð Þ ln
CV

1� CV

� �
þ α0

 �
ð5:16Þ

where KB, e, CV, and α
0
are the Boltzmann’s constant, electronic charge, the reduced

ratio of transition metal ions (i.e., V ions in vanadate glasses), and a proportionality
constant between the heat transfer and the kinetic energy of an electron, correspond-
ingly. It should be noted that negative/positive sign of S refers to electron/hole as
majority charge carriers.

Employing Heikes equation and estimation of α
0
, one can determine/confirm the

electrical conduction mechanism in samples having low charge carrier mobility
[40, 91, 92]; so, condition of α

0hh 1 implies to small polaron hopping conduction
mechanism [40, 71], while α

0ii 2 implies on large polarons. Heikes formula has been
applied to the experimental outputs of Seebeck experiments in different glasses to
certify (i) the applicability (validity) of Heikes formula and (ii) to obtain α

0
; in order

to certify the strength of Heikes equation, S vs. ln(CV/1�CV) plots should be drawn,
in which the slope of such graphs should be nearly equal to the theoretical value of
(KB/e)th ¼ 86.18 μVK�1. Figure 5.10 shows such plot for TVSx glasses [91]; in this
system experimentally obtained slope of (KB/e)exp and α

0
were 87.79, 82.56, and

89.81 μVK�1 at 310, 370, and 435 K, respectively, and �5.76, �5.81, and �5.69 at
310, 370, and 435 K, respectively, confirming the SPH mechanism of DC electrical
conductivity and the validity of Heikes formula, respectively. Such values of α’ have
been reported previously for TeO2-V2O5-Bi2O3 [52], TeO2-V2O5-Sb [52, 91], TeO2-
V2O5-Sb2O3 [40], and TeO2-V2O5-MoO3 [92]; the reported thermoelectric studies
justify electrical findings of DC electrical conductivity for TVSbx [93], TVSx [94],
and TVMx [69].

What is important in this section is the figure of merit. Data reported in Refs
[40, 91, 92]. show the plots and values of power factor (S2 σ in the numerator of the
formula of figure of merit) at different temperatures for different oxide glasses; as is
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clear, this parameter has its highest value at x¼ 10 mol% for the system of TVMx, at
x¼ 0 mol% in the cases of TVSbx and TVSx, which suggest that these compositions
are more promising and powerful materials in designing.

In the field of applications of thermal stable oxide Te-based glasses, there are
several reports in silicon solar cells [39], in heat pump in solar cells to improve the
photovoltaic system efficiency [40], and in optical fibers [41]. Benefits of such
glasses in optical fibers were explained in the previous sections. In order to give
more light in the field of solar cells, the heat pumping feature of thermoelectric
materials should be examined more closely. Today, solar energy is one of the most
useful renewable energy sources, which can be harnessed through solar cells/pho-
tovoltaic panels. Expending on renewable energy resources instead on fossil fuels
can reduce environmental pollution and risk of global warming. Power generation
from photovoltaic (PV) technology is simple, free, available, reliable, and clean [95–
99]. Relatively low efficiency of photovoltaic (PV) systems is a problem, which
needs more systematic attempts to be improved. Moreover, different factors such as
solar irradiation, temperature, and array voltage affect the PV panel output power. It
should be noted that solar irradiation raises the panel temperature, in which the
increasing of temperature reduces the PV efficiency. It has been suggested the
pumping out of the heat from PV panel can be done by using thermal stable
thermoelectric materials as thermoelectric coolers (TECs) [40]. As mentioned,
overheating is the major reason for insufficient efficiency of PV panels, in which
there is reduction between 0.25% (for amorphous cells) and 0.5% (most crystalline
cells) for each degree of temperature [99]. Researchers are trying to improve the
efficiency solar cells. The record at the moment stands at an efficiency of around
40%, using multijunction cells, each layer trap different frequencies of light. This

Fig. 5.10 Variation of the Seebeck coefficient (S) against ln (CV/1�CV) for TVSx glasses at the
selected temperatures of 310, 370, and 435 K. experimental slopes (KB/e)exp were 87.79, 82.56, and
89.81 μVK�1 at 310, 370, and 435 K, respectively, indicating the near fit to the theoretical value of
(KB/e) ¼ 86.18 μVK, [91]
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type of solar cell (SC) will be expensive to produce and attempts are focused on the
employing of single junction SCs. Researchers try to increase the amount of light
entering the solar cells. Solar cells are supported with non-reflective layers to ensure
that as much light as possible enters the solar cell, because silicon is a shiny
substance. Solar cells used in photovoltaic panels are usually of single junction
type with an efficiency of somewhere around 15% [101]. Panel temperatures in the
summer and in warm climates can easily reach 50 �C resulting in a 12% reduction in
output compared to the nominal output at 25 �C. Self-cooling PV panels are a
solution to this problem [101]. Therefore, employing thermal stable oxide glasses
of higher figure of merit (which are simple in preparation and of low cost and act as
TECs) is a reliable way to remove the overheating [40]. From Fig. 10, the typical
samples with higher thermoelectric cooling features can be selected.

5.5 Conclusions

In this chapter, transition metal oxide-containing glasses (TMOGs) were reviewed
due to their special and unique optothermal properties. TeO2-V2O5-AyOz (or A)
oxide glasses were reviewed to elucidate that the optical, thermal, and thermoelectric
properties vary with composition. This work tried to give more insight into the
subject of the thermal stability and its effect on the optothermal properties of some
vanadate-tellurite oxide glasses, searching the more potential candidates in optical
applications. In brief, optical applications (such as active material in optical fibers) of
oxide glasses need the narrower bandgap and higher χ3 glasses owing to high
thermal stability to prevent any crystallization in the amorphous matrix and to
achieve strong signal transport. It should be noted that any suggestion for optical
applications needs precise determination of optical properties such as energy
bandgap, which affect the evaluation of other related optical parameters in optical
device manufacturing and applications; in the case of bandgap determination,
derivative absorption spectrum fitting method (abbreviated as DASF) has been
used. It is concluded that such thermal stable oxide glasses with good thermoelectric
properties are promising materials which can also be used in solar cells and photo-
voltaic (PV) panels as heat pumps to elevate the PV efficiency. It was concluded that
tellurite-vanadate glasses owing to high figure of merit are good options in thermo-
electric applications.

In conclusion, the works reviewed here demonstrated the large potential of
tellurite-vanadate and also Te-based glasses for optical and optoelectronic devices.

Acknowledgment The author gratefully acknowledges Dr. Hidetsugu Mori for his support on
titration.
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Chapter 6
Optical Properties of Tellurite Glasses
Embedded with Gold Nanoparticles

Saman Q. Mawlud

Abstract Three series of samarium-doped sodium tellurite glass embedded with
gold nanoparticles (Au NPs) in the compositions (80-x) TeO2-20Na2O-xSm2O3

(x ¼ 0, 0.3, 0.6, 1, 1.2, 1.5 mol%), (79-x)TeO2-20Na2O-1Sm2O3-xAuCl3 (x ¼ 0,
0.2, 0.4, 0.6, 0.8, 1 mol%), and (80-x)TeO2-20Na2O-xAuCl3 (x ¼ 0.2, 0.4, 0.6, 0.8,
1) were prepared using conventional melt quenching technique. The homogeneous
distribution and growth of spherical and non-spherical Au NPs (average size
~3.36 � 0.076 to ~10.62 � 0.303 nm) in the glassy matrix was evidenced from
the transmission electron microscopy (TEM) analysis. The UV-Vis-NIR absorption
spectra showed nine bands corresponding to transition bands from ground state 6H5/2

to excited states 6P3/2,
4I11/2,

6F11/2,
6F9/2,

6F7/2,
6F5/2,

6F3/2,
6H15/2, and

6F1/2 in which
the most intense bands were 6F9/2,

6F7/2,
6F5/2, and

6F3/2. The absorption spectrum of
Sm3+ ions free glass sample containing Au NPs displayed two prominent surface
plasmon resonance (SPR) band located at ~550 and ~590 nm. The infrared to
visible frequency downconversion emission under 404 nm excitation showed four
emission bands centered at 577 nm, 614 nm, 658 nm, and 718 related to the
transitions 4G5/2 ! 6H5/2,

4G5/2 ! 6H7/2,
4G5/2 ! 6H9/2, and

4G5/2 ! 6H11/2,
respectively, corresponding to Sm3+ transitions. An enhancement in
downconversion emission intensity of both green and red bands was observed in
the presence of gold NPs either by increasing annealing time or by NPs concentra-
tion. For glass series II, the enhancement in photoluminescence (PL) intensity of
glass containing 0.4 mol% AuCl3 showed the maximum enhancement by a factor of
1.90:1.82:1.97:2.25 times for all transitions bands. The enhancement was mainly
ascribed to the highly localized electric field of Au NPs positioned in the vicinity of
Sm3+ ion. The enhancement of downconversion emission was understood in terms
of the intensified local field effect due to gold NPs.
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6.1 Introduction

Glasses containing metallic nanoparticles (NPs) attract scientist’s interest because
NPs may originate changes of the material’s luminescence characteristics as well as
enhancement of the nonlinear optical properties. Nucleation of metallic NPs inside
tellurite dioxide glasses were reported [1]. In all cases, studies of the presence of NPs
contribute to enhance the material’s luminescence efficiency either due to the energy
transfer (ET) mechanism from NP to the rare-earth (RE) ion or through the large
induced local field on the RE ions located in the vicinity of the NPs. The contribution
of ET processes and the intensified local field are due to the NPs allowed obtaining
enhanced luminescence in the green, orange, and dark-red spectral wavelengths. The
introduction of the NPs as the second dopants reveals its promising application to
develop the properties and characteristics of new functional materials [1].

There are several techniques used for manufacturing of glass material such as
thermal evaporation, sputtering, chemical reaction, amorphization, irradiation, melt
quenching, sol gel, etc. [2]. Melt quenching, vapor deposition, and sol gel processing
solutions are the three common methods that are usually used in industrial process
and in researches for producing glasses. The preparing technique of glasses by
means of rapid quenching of a melt is historically the most established and it is
still the most widely used in the preparation of amorphous metallic oxide materials.
Melt quenching technique is the most important conventional way and widely used
technique to produce glass in which the glass will not crystallize. Besides, this
technique is simple and low cost compared to other methods [2, 3].

The applications of the glass are so wide, so that they can be used in our daily life.
For example, glasses are mainly used in packaging housing and buildings, electron-
ics, automotive, optical glass, fiber-optic cables, renewable energy, cookware,
chemical laboratory equipment, flat panel devices such as television screen, and
dental products such as dental crowns and bridges. A great research interest in the
science and technology of glasses has received a great attention. Meanwhile, for
scientific research purpose, it is particularly interesting due to the unique properties
of glass such as its corrosion resistance, unreactive with other chemical elements,
thermal shock resistance, and electrical insulation. New science and technology have
dynamically given great improvement in glass manufacturing and their new techno-
logical applications. The main advantages of this will be to provide the fundamental
base of new optical glasses with a number of applications especially tellurite glass-
based solid-state lasers, optical fibers, optical switches, third-order nonlinear optical
materials, optical amplifiers, light-emitting diodes, and upconversion glasses [4].

Nowadays, addition of a small amount of transition metal ions into the glass
network system becomes more favorable due to their luminescence properties [5]. In
modern technology, RE ions are very attractive candidates as active ions in many
optical materials because many fluorescence states are chosen among the
(4f) electronic configuration and most of them are placed in the visible region
[6]. The excited levels of these RE ions emit in the visible region, which exhibit
possibly high quantum efficiency and show different quenching mechanisms. Glass
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is a promising host to investigate the influence of chemical environment on the
physical, structural, thermal, and optical properties of the RE ions.

In particular, the investigation of energy transfer (ET) process in glasses having
energy gap in the visible region deserves great attention because RE ion-doped
glasses may present efficient visible luminescence [6]. In principle, ET process may
favor particular applications, such as the operation of lasers, optical amplifiers.
Enhancement of optical properties either by ET between two rare earth ions or by
influence of the large local field on rare earth ions positioned near the doped
elements, is of great technological interest [3, 7]. Therefore, revealing the new
approaches to increase the emission cross-section and its intensity, is an important
subject of the study which needs more attention due to importance of laser glasses in
wide range of the applications.

The luminescence properties of RE ion-doped glasses with addition of metallic
NPs have been investigated due to their applications as optical devices. Usually, in
order to minimize luminescence quenching and to make the devices with optimized
photonic properties, the concentration of the RE has to be kept low. However, an
alternative way to avoid the quenching effect is to modify the RE ion environment by
embedding metallic NPs [7, 8]. Therefore, glasses containing small amount of RE
ions embedded with metallic NPs are of considerable interest, because the lumines-
cence efficiency may increase many times when the pump excitation or emission
frequency is in resonance or closely matches with the surface plasmon resonance
(SPR) wavelength of metallic NPs.

Turba et al. [9] reported that the thermally induced particle growth either involves
migration of adatoms (Ostwald ripening) or migration and coalescence of NPs. It is
asserted that the SPR wavelength depends on the host and metal dielectric as well as
together it depends on the size and shape of the NPs. The tunability of plasmon band
positions at different wavelengths giving an effect to the plasmon resonance facil-
itates varieties of applications [9]. Accordingly, the electrons modify their collective
oscillation with the change in shape or size of the NPs. Variation in the dielectric
constant of the surrounding medium affects the oscillation frequency, where the
surface is capable in accommodating electron charge density from the NPs. How-
ever, the influence of different metallic NPs (growth controlled by thermal
annealing) at low concentration of RE ions on the spectral modifications is not
established extensively.

Undoubtedly, alike metals the glass material is an integral part of the civilization.
The in-depth investigations of glass properties are of great significance due to
potential applications in various engineering and technological fields. However,
glasses doped with lanthanides (Ln) ions received attention in recent year due to
their outstanding optical features. Heavy metal oxide glasses such as tellurite and
antimony are superior host than other host matrices like fluoride, bromide, and
chalcogenide due to their low phonon energy and high refractive index which
increases the radiative emissions in rare earth-doped glasses. It was demonstrated
that TeO2 acts as a very good glass former when a modifier with moderate concen-
tration in range of 10–30 mol% is added.
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Lately, researchers synthesized binary glasses TeO2-M2O (M ¼ Li, Na, and K) to
examine the effects of alkali modifiers on the fluorescence efficiency of Sm3+ ions
[10]. Interestingly, the fluorescence intensity of Sm3+ ions is found to increase with
different alkali modifiers in the order of K2O < Li2O < Na2O [11]. In fact, Na2O is
nominated as the best modifier among the other alkali oxides. Additionally, Na2O
presents the most glass-forming ability on the basis of stability against crystallization
[12]. Currently, RE-doped optical materials are investigated extensively due to their
potential applications in color display, optical data storage, sensor, laser, and optical
amplifier for communication. Especially, significant attention is given on Sm3+ ions
due to their potentiality for blue, green, and red emissions. However, the optical gain
can only be increased up to a certain point with the increase of Sm3+ ions concen-
tration and decreased or quenched thereafter. Beyond a critical concentration, the RE
ion cluster aggregates and quenches the luminescence due to an increasing ion-ion
interaction between RE ions. In order to avoid the RE ion concentration quenching,
the introduction of second dopant has been suggested [8, 13]. This second dopant
can be another RE element and/or metallic nanoparticles.

Lately, vitreous materials containing an appropriate combination of RE ions and
metallic NPs are attracting large interest. Surprisingly, the presence of metallic NPs
intensifies luminescence and enhances the nonlinear optical properties [9]. Among
the three rare metals (silver Ag, gold Au, cooper Cu) that display plasmon reso-
nances in the visible spectrum, Au exhibits the highest plasmon excitation efficiency.
Gold NPs are more stable than silver and have a reasonably sharp surface plasmon
resonance (SPR) peak. Moreover, optical excitation of plasmon resonances in
nanosized Au particles is the most efficient mechanism by which light interacts
with matter. Besides, the intense plasmon resonance of Au can be tuned to any
wavelength in the visible spectrum by variation of the size of the nanoparticles [9].

6.2 Terminology of the Glassy State

Glasses are often described as supercooled liquids. Almost any solid can be pro-
duced in a glassy state if the melt is cooled sufficiently quickly. Most glasses are
comprised predominately of silica with an empirical formula of SiO2. The most
common form of natural silica is quartz. However, quartz is a crystalline solid and
has a regular repeating crystalline lattice. In contrary, glass has no regular repetition
in its macromolecular structure, and therefore it has a disordered structure, much like
a substance in the liquid state. The arrangement of these molecular units in a glass is
analogous to those in a crystal, but in the former the bond lengths and angles can
vary randomly [14, 15].

The oldest established method of producing glass is to cool the molten form of the
material sufficiently quickly. An essential prerequisite for glass formation from the
melt is that the cooling must be sufficiently fast to preclude crystal nucleation and
growth. In order to define a material as a glass, it must have two common charac-
teristics [4]; firstly, there is no long-range order and periodic atomic arrangement.
Secondly, all glasses must exhibit time-dependent glass transformation behavior.
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Based on the behavior of glass transformation range, the glassy and crystalline
materials can be differentiated. In general, cooling at temperature below melting
temperature of the crystal would lead to the formation of crystal; if this happened, the
volume and the enthalpy will decrease rapidly to the volume or enthalpy
corresponding to the crystal. A slow cooling allows enough time for a viscous liquid
to alter its local atomic arrangement to attain the minimum free energy at the
corresponding temperature. Conversely, a rapid cooling causes an increase of
viscosity that is too quick for the local atomic arrangement to follow and results in
a transition into a glass at a higher temperature. However, if the melt liquid could
“bypass” or can cool below the melting temperature, then a supercooled liquid or
glass-forming liquids are obtained. This could be due to the melt liquid having a high
viscosity which makes the atoms not able to completely rearrange to the equilibrium
structure or the melt liquid cooled rapidly that it does not have sufficient time to
crystallize. The transition from a viscous liquid to a solid glass is called the “glass
transition,” and the temperature corresponding to this transition is called the “glass
transition temperature” denoted by Tg [16]. Table 6.1 represents the typical melting
points and transition temperature for few elements in the glass medium.

The reversible transformation from a glass to a viscous liquid also takes place if a
glass is heated to a temperature above Tg. The value of Tg is not always the same in
spite of same chemical composition. This is because glass transition occurs as a
result of the increase of viscosity which in turn depends on the cooling rate.
Therefore, Tg is usually different depending on the cooling rate of a liquid. The
volume or enthalpy versus temperature diagram is shown in Fig. 6.1 the presence of
glass formation behavior can be explained. Figure 6.1 schematically demonstrates
the path difference for a specific physical property change such as molar volume in
supercooled state. In the process of supercooling, the glass transition range is
achieved by avoiding the crystallization. There are two factors which actually
controlled the deviation from the equilibrium curve, which are the viscosity of the
liquid and the cooling rate of the liquid. The use of slower cooling rate causes the
glass transformation region to be shifted to lower temperatures and the glass
obtained to have a lower enthalpy.

6.3 Rare-Earth Oxides as Dopants

The role of RE ions as optical activators in glasses has been continuously studied due
to their contribution for photonic applications such as solid-state lasers and optical
amplifiers. They were used to probe the local structure variations in host glasses

Table 6.1 Melting
temperature (Tm) and
transition temperature (Tg) of
glass [16]

Element Tm (�C) Tg (�C)
Oxygen 55 37

Sulfur 388 262

Selenium 494 328

Tellurium 725 484
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because of their unique spectroscopic properties resulting from the optical transitions
in the infra 4f shell. Glass is a promising host to investigate the influence of chemical
environment on the physical, structural, thermal, and optical properties of the RE
ions. Among several glasses, tellurite glass containing RE element is attractive for
nonlinear optical devices because of its large third-order nonlinear optical suscepti-
bility [18, 19].

In solid-state laser, materials such as doped crystals and glasses, the most
interesting rare-earth ions, are those in the lanthanum (Ln) group. These ions usually
appear in a trivalent state. The 4f electron shell determines the optical properties of
lanthanides; it is almost insensitive to the surrounding atom of the host environment
because of screening by 5s and 5p electron shells. The reason is due to the weak
interaction between optical centers and the crystalline field (weak electron-phonon
coupling). Such weak interactions between the 4f electrons and the crystalline field
produce a very well-resolved Stark structure of the levels, which varies slightly from
host to host. For the same reason, electronic transitions in trivalent rare-earth ions are
very narrow and demonstrate very weak phonon bands [14, 21]. The spectral shape
of the optical transitions of lanthanides in glasses is determined mostly by the
following factors [22]:

1. Stark splitting of the degenerated energy levels of the free ion, determining the
number of Stark levels.

2. Magnitude of the splitting, which is determined by the host material.
3. Different line broadening mechanisms, such as homogeneous and inhomoge-

neous broadening can occur.

A two-dimensional projection of this model is shown in Fig. 6.2; the model serves
only to indicate the feasibility of constructing a large continuous random
network [23].

Fig. 6.1 Effect of temperature on the enthalpy of glass-forming melts [17]
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All Ln ions are characterized by a xenon core, an unfilled 4f shell, and filled 5s2

and 5p6 shells that screen the 4f electrons from external perturbations. This screening
effect protects the optically active electrons from the influence of the crystal field,
giving the Ln their characteristic sharp and well-defined spectral features [15]. When
incorporated in crystalline or amorphous hosts, the RE exists in 3þ or occasionally
2þ ion states. Some of the divalent species exhibit luminescence principally samar-
ium (Sm2+) and europium (Eu2+). However, the trivalent ions are of special interest
because the most stable oxidation state for all Ln elements is the 3þ state. The
shielding of 4f electrons influences the positions of RE electronic levels via spin-
orbit interactions more than due to the applied crystal field. The intra 4f transitions
are parity forbidden but partially allowed by crystal field interactions which mix
wave functions of opposite parity. Luminescence lifetimes are therefore long (mil-
lisecond range), and line widths appear to be narrower. By careful selection of the
appropriate dopant ion, an intense narrow-band emission can be achieved in the
visible as well as in the near-infrared region.

Particularly, RE ions such as Sm3+, Eu3+, Dy3+, Er3+, and Pr3+ are used to develop
various active optical devices [24]. Among the lanthanides, samarium ion (Sm3+) is
the one that has been studied the most since its laser oscillation is utilized as an
optical fiber amplifier. Samarium is a rare-earth element belonging to the group of
the lanthanides with an atomic number of 62. Electronic structure of samarium
consists of [Xe] 4f6 6s2, where the [Xe] represents the electronic structure of
xenon. At the atomic number of 57, 5s and 5p shells are full and 4f is unfilled. By
increasing the atomic number in lanthanide group, the radius of 4f shell decreases
gradually [25, 26]. It is known that Sm3+ is one of the most popular and efficient ions
since it can perform the lasing process in glasses. A large number of researches
worked on Sm3+ ions due to their potentiality for yellow, blue, green, and red

Fig. 6.2 Glass network with RE elements [23]
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emissions; the optical gain can only be increased up to a certain point with the
increase of Sm3+ ions concentration and decreases or quenches thereafter. Beyond a
critical concentration, the RE ions tend to form a cluster in most of the solid hosts.
Consequently, the RE ions cluster aggregates and quench the luminescence due to an
increasing ion-ion interaction between RE ions. Finally, the host matrix becomes
optically inactive [24]. Sm3+ ion-doped sodium tellurite glasses have been chosen
for the following reasons [27]:

1. Sm3+ ion exhibits a strong luminescence in the yellow, blue, green, orange, and
red spectral region.

2. Decay of excited states of Sm3+ involves different mechanisms depending on the
composition of the glass matrix as well as concentration of Sm3+ ions.

3. The rich and closely spaced energy levels allow many more cross-relaxation
channels that result in fluorescence quenching.

4. The Sm3+ ions can also act both as sensitizer as well as activator. When Sm3+ is
used as sensitizer, energy transfer takes place via dipole-dipole or dipole-quad-
rupole mechanism depending upon the host matrices.

5. The Sm3+ ion possesses strong fluorescence intensity, rich energy levels, large
emission cross-section, and high quantum efficiency which are suitable to
improve fluorescence properties and in turn to develop new optical functions.

Figure 6.3 shows the different arrangements of 4f electrons in generating different
energy levels of RE ions. This is due to the unfilled 4f shells of Ln elements. The 4f
electron transitions, among the various energy levels, are responsible for the occur-
rence of numerous absorption and emission wavelengths [28].
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The energy levels of Sm3+ ions in the free state and in LaCl3 host crystals are
listed in Table 6.2. In different materials, the energy differences for a given level are
generally less than 100 cm�1 except in few cases of 200 cm�1 [29]. The descriptions
of energy level position in different hosts are usually referred with respect to LaF3
crystal. The general idea of the energy level positions for all the RE ions offers an aid
to the analysis of unknown spectra in determining the exact energy level positions.

6.4 Nanoglass Plasmonic

Nanostructures being small enough manifest noticeably different chemical and
physical properties compared to their bulk counterpart. Nanoscience can be defined
as the science of objects and phenomena occurring at scale of 1–100 nm. Nanotech-
nology is the understanding and control of matter at dimensions of roughly
1–100 nm, where unique phenomena enable novel applications. Metal NPs attract
strong interest because they open up a new field in fundamental science and because
of their technological applications which trigger tunability of their optical properties.
They are convenient components of sub-wavelength optical devices, nonlinear
optics, and surface-enhanced spectroscopy. Metallic NPs have proven to be the
most flexible nanostructures owing to the synthetic control of their size, shape,
composition, structure, assembly, and encapsulation [30, 31]. The optical properties
of metallic NPs emerge from a complex electrodynamics effect that is strongly
influenced by the surrounding dielectric medium. Light impinging on metallic
particles enables optical excitations to the electrons causing their collective oscilla-
tion in the valence band. Such coherent oscillations occur at the interface of a metal
with a dielectric medium are called surface plasmons. Glass network with RE and
NPs in the host matrices is shown in Fig. 6.4.

Table 6.2 Energy (cm�1)
levels of Sm3+ ion in free state
and LaCl3 crystal host [29]

Levels Free ion (cm�1) LaCl3 (cm
�1)

6H5/2 36 36
6H7/2 1080 1080
6H9/2 2286 2286
6H11/2 3608 3608
6H13/2 5000 5014
6F5/2 7100 7033
4G5/2 17,900 17,860
4F3/2 18,900 18,860
4G7/2 20,050 20,010
4I9/2 20,640 20,600
4I11/2 21,100 20,977
4I13/2 21,600 21,562
4F5/2 22,200 22,129
4G9/2 22,700 22,850
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NPs are used in a variety of applications because of their superior characteristics,
such as high specific area of contact, great mechanical properties, high electrical
conductivity, and high optical scattering efficiency [32]. The metallic NPs in the
vicinity of RE ions inside the dielectric glass host enhance the rate of excitation and
emission of RE ions. This effect is attributed to the local field enhancement on
excitation and emission of RE ions. Furthermore, the energy transfer (ET) is possibly
stimulated by the intense local electric field induced by surface plasmon resonance
(SPR). The coupling of RE ions with metallic NPs is developed as a valuable
strategy to improve the luminescence yield of RE ions [33].

At this stage, it is important to justify the selection of Au NPs as stimulator in the
tellurite glass host. The interaction of light with Sm3+-doped tellurite glasses
containing metallic NPs received much attention due to their various applications
in optoelectronic devices and optical communications [34]. As RE have lower cross-
section area, the small absorption cross section of the Sm3+ disqualifies them to be
strong emitter as the coupling between centers and the lattice is weak as 4f electrons
shielded by 5S2 and 5P6 electrons.

Bulk gold (Au) has considerably higher chemical stability than silver, although
the SPR band of silver is much sharper than gold [35]. For instance, solid gold is
very stable under many circumstances, while solid silver is gradually oxidized in air.
Actually, in Au the prominent 5d contribution to the conduction electrons plays a
key role in protecting gold from oxidation in air [12]. Gold NPs exhibit unique and
tunable optical properties owing to the phenomenon of SPR. Incorporation of
metallic NPs, often gold and silver, is found to be as fruitful alternative route to
enhance the luminescence of RE. However, unlike Ag and Au, other metals such as
platinum, palladium, iron, etc. do not show strong SPR effects. Au NPs show strong
SPR absorption in the visible region. The special characteristic of Au NPs is

Fig. 6.4 Glass network with RE and NPs element
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suppressed by the mechanisms such as strong conduction electron relaxation or
radiation damping due to scattering. Major processes of interactions of radiation with
Au NPs are illustrated in Fig. 6.5. All these processes are enhanced strongly owing to
the unique interaction of light with the free electrons in NPs.

Generally, the enhancement in photophysical properties of Au NPs is related to
the number of process which occurs when the matter is exposed to light [31]:

(i) The light can be absorbed and metal NPs absorb and scatter light. Their strong
interaction with light occurs due to the conduction electrons on the metal
surface undergoing a collective oscillation when they are excited by light at
specific wavelengths.

(ii) The light can be scattered at the same frequency as the incoming light (Mie or
Rayleigh scattering). Mie-scattered light travels in all directions from the
particle. Most of the Mie-scattered light intensity travels in the forward direc-
tion. The scattered intensity becomes lower with a particular direction at
smaller particle size. In elastic scattering or Rayleigh scattering, the energy of
the light does not change. However, scattering of polarized light is the strongest
in directions perpendicular to the electric field of the light and vanishes in the
direction parallel to the electric field.

(iii) The absorbed light can be re-emitted such as fluorescence. PL from asymmetric
metal NPs in the visible range was studied by several researchers. PL in noble
metal is generally attributed to a three-step process. Firstly, the electrons
present in the d-bands are excited to the vacant sp-conduction band to generate
electron-hole pair. Secondly, subsequent intra-band scattering processes move
the electrons nearer to the Fermi level with partial ET to the phonon (lattice
vibrations). Lastly, the electron-hole pair recombination results in photon
emission.

Fig. 6.5 The schematic diagram illustrates the interaction of incident radiation with free electrons
in Au NPs
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(iv) The enhancement of local EM field of the incoming light. Metal NPs exhibit the
local electric field caused by the localized SPR behavior. When incident light
hits onto the surface, the surface plasmon excitation enhances the EM field in
the neighborhood of metal NPs [36].

6.5 Metallic NPs Embedded into RE-Doped Tellurite Glass

Glasses are superior candidate to embed rare-earth ions and metallic nanoparticles
due to their high transparency, mechanical strength, and simple preparation in any
size and shape. Therefore, metallic glass composites containing nanoparticles
become potential substrate materials for significant local field enhancement to
increase the luminescence of rare-earth ions [37]. In order to avoid the RE ion
concentration quenching, the introduction of second dopant has been suggested.
This second dopant can be another RE element and or metallic NPs. Lately, glasses
doped with RE ions and metallic NPs are investigated due to their applications in
diversified optical devices [38]. It is demonstrated that the metallic NPs enhance the
RE luminescence and improve the nonlinear optical properties [7]. The introduction
of the NPs as the second dopants reveals its promising application to develop the
properties and characteristics of new functional materials. The effect of NPs inside
tellurite glasses was investigated [39–41]; they demonstrated that the presence of
NPs enhance the material’s luminescence efficiency either via energy transfer
(ET) from the NPs to the RE ions or by the influence of the large local field on the
RE ions positioned in the vicinity of the NPs. However, the ratio between metal NPs
and RE concentrations must be less than one to maximize the luminescence
intensity.

The coupling of RE ions with metallic NPs is demonstrated to be an alternative
route to improve the luminescence yield of RE ions. These efforts are in conjunction
with the potential of plasmonic metal nanoparticles to confine the electromagnetic
EM energy or optical excitation nanoscale volume [42]. The strong optical interac-
tions within this volume are mediated by local electric field enhancements. The
effects of energy transfer between metallic NPs and RE ions are twofold: they may
enhance luminescence by energy transfer from particles to ions and/or may quench
luminescence by energy transfer from ions to particles. A schematic diagram
displaying the interaction mechanisms between the RE and NPs is illustrated in
Fig. 6.6. The concepts of energy transfer rely on the wavelength of the incident light
beam or luminescent wavelength which is close to the SPR wavelength of the NPs.

The optical properties of tellurite glasses are affirmed to depend strongly on the
Au concentration in the dielectric medium [43, 44]. To maximize the luminescence
intensity, the ratio between Au and Sm3+ concentrations must be less than one or any
other else, and the probability of multipole formation increases and contributes to
unfavorable properties. Linear and nonlinear optical properties of the RE-doped
glasses embedded with metallic NPs have been investigated by different authors in
the last few years [42].
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The interactions in the Sm3+-Au-co-doped heavy tellurite glass can be discussed
through three different manners: (i) the interaction of excitation light with Sm3+ ion,
(ii) excitation light with Au NPs, and (iii) Sm3+ ions with Au NPs. In a Sm+3-Au-
doped tellurite glass, plasmon-enhanced fluorescence results in increased excitation
rate of the Sm+3 ions due to the interaction of NPs by the excited Sm+3 ions to the
surface of Au NPs [45]. Furthermore the probability of energy transfer from RE to
metallic NPs is increased resulting in quenching of luminescence. Hence, the
concentration of RE must be greater than that of NPs. In these situations, to control
the formation of metallic NPs inside the glass matrix is really a challenge with
exceptional applications [39, 40].

6.6 UV-Vis-NIR Absorption Spectroscopy

Optical absorption in solid materials occurs in various mechanisms which involve
absorption of photon energy either by lattice structures or electrons where the
transferred energy can be conserved. The optical absorption spectra are used to
determine the transition state in the glass system and also to obtain the optical
bandgap values of the prepared glass systems. The absorption energy can be
determined by calculating the difference of excited state energy with ground state
energy. The transition which resulted in absorption of electromagnetic radiation is
the transition between electronic energy levels. In general, the bandgap refers the
energy difference between the valence and conduction bands. The optical bandgap is
the first starting energy where the photons are being absorbed. The optical bandgap
is referring to the energy corresponding to the fundamental absorption edge λedg in
which the absorption edge is the transition from the maximum of valence band to the
minimum of conduction band [46]. The fundamental absorption edge is represented

Au NPs

+ + +

- - - 

404 nm

ET

ET

Sm3+

Fig. 6.6 Interaction of RE ions and Au NPs involving the energy transfer process under 404 nm
excitations
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by the region in which the glass sample starts to absorb the energy completely at a
characteristic wavelength in the UV region. The interacting between the photon and
the valence electron across the energy gap which occurs at the fundamental absorp-
tion edge of crystalline and non-crystalline materials can be ascribed to either the
indirect or direct transition [46]. The amount of light absorbed in a sample when it
passes through or gets reflected is estimated by the difference between the incident
intensity (Io) and the transmitted intensity (It). The amount of light absorbed is
expressed either as transmittance or absorbance. Transmittance is defined as:

TR ¼ I t
Io

ð6:1Þ

Absorbance yields:

Ab ¼ �logTR ð6:2Þ
For most applications, absorbance values are used since a well-defined linear

relationship exists between absorbance, concentration, and path length. The mathe-
matical expression for Lambert law is given by:

TR ¼ I t
Io

¼ e�kb ð6:3Þ

where e is the base of natural logarithms, k is constant, and b is the path length
(usually in centimeters). According to Beer’s law, the amount of light absorbed by a
sample is proportional to the number of absorbing molecules. Combining the two
laws, one achieves the following Beer-Lambert law:

TR ¼ I t
Io

¼ e�kbca ð6:4Þ

where ca is the concentration of the absorbing species. By taking the natural
logarithm for both sides of Eq. (6.4), we get:

Ab ¼ �logTR ¼ �log
I t
Io

� �
¼ log

Io
I t

� �
¼ εabca ð6:5Þ

where εa is the molar absorption or extinction coefficient which is the characteristic of
a given sample under precisely defined wavelength, solvent, and temperature
[47]. The absorption coefficient α(ν) can be calculated from the transmission spectra
by using the Beer-Lambert law:

α νð Þ ¼ 1
t
ln

Io
I t

� �
ð6:6Þ

where Io and It are the intensity of the incident and transmitted light, respectively,
and t is the thickness of the sample. The optical absorption coefficient α(ν) in many
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amorphous materials reflects the density of states at the band edges and can be
estimated from the optical absorption spectrum as follow:

α νð Þ ¼ 2:303
Ab

t
ð6:7Þ

where Ab is the absorbance defined by log(Io/It). In amorphous materials, the
absorption due to the electronic transition within the band in relation with the optical
bandgap is described by Mott and Davis’ [50] given equation as:

α ωð Þ ¼ const
hω

hω� Eg
� �nB ð6:8Þ

where ћω is the photon energy and nB refers to direct and indirect transitions.
The value of Eg can be obtained by extrapolating the linear part of the (αћω)1/2

against phonon energy (ћω). The value nB is 2 for the indirect transitions as for non-
crystalline materials and nB is 1/2 for the direct transition. The determination of
bandgap values gives information about the structural changes in the glass. Covalent
nature of the glass matrix decreases when bandgap values decrease with the increase
of rare-earth contents. Moreover, decrease in the bandgap energy suggests that non-
bridging oxygen is increasing. In general, both direct and indirect transitions can
occur in crystalline and non-crystalline material where the smallest gap leads to
direct transitions; indirect transitions are valid according to the Tauc relations which
involve simultaneous interaction with lattice vibrations and the wave vector of the
electron. By creating a tangent line at the linear portions of the curve to (αhv)1/2 ¼
0 and (αhv)2 ¼ 0, the optical bandgap values (Eg) can be obtained. The interactions
of photons with lattice vibrations take place at this allowed indirect transition. Any
change in the oxygen bonding in the glass network will change the characteristic of
absorption edge [48].

The band tail is due to the transitions from occupied extended state of the
conduction band. Band tailing in the forbidden energy bandgap is observed in
glass and amorphous materials. The width of this band tail is extended into the
bandgap, and the edge is known as the Urbach energy. When the energy of the
incident photon is less than the bandgap, the increase in absorption coefficient is
followed with an exponential decay of density of states localized into the gap. The
lack of crystalline long-range order in amorphous or glassy materials is associated
with a tailing of density of states into forbidden energy. Urbach energy is known as
the edge of the exponential decay of density of localized state in the forbidden gap
which is causing the increase in absorption coefficient when the energy of the
incident is less than the bandgap [49]. The disorderness of the material can be
estimated using Urbach rule. At lower values of the absorption coefficient, the extent
of the exponential tail of the absorption edge is characterized by the Urbach energy
as given by the equation:
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α ωð Þ ¼ Bexp
hω
Eu

� �
ð6:9Þ

where B is a constant and Eu is the width of the band tail of the electron states. In
attempting to determine the Urbach energy Eu, the plot of lnα against photon energy
hv is plotted. The Urbach energy is obtained by extrapolating the linear region of the
curve to (hv ¼ 0) followed by taking the reciprocals of the obtained values. Davis
and Mott suggested that values of Urbach energy in crystalline and glassy material
lie between ~ 0.045 and 0.67 eV [50].

The UV-Vis-NIR absorption spectra of tellurite glasses with different concentra-
tions of Sm3+ions are studied by many researchers, the 1 mol % of Sm3+ ion
concentration was shown in Fig. 6.7. There are 14 absorption bands appearing at
the wavelengths of 1820, 1585, 1527, 1478, 1374, 1223, 1075, 944, 473, 439, 417,
402, 375, and 362 nm. These are the characteristic wavelengths in the absorption
spectrum of Sm3+ ions, which are attributed to transitions from the 6H5/2 ground state
to 6H13/2,

6F1/2,
6H15/2,

6F3/2,
6F5/2,

6F7/2,
6F9/2,

6F11/2, (
4M11/2,

4I11/2,13/2), (
4M17/2,

4

G9/2,
4I9/2), (

4M19/2,
6P5/2), (

4F7/2,
6P3/2),

6P7/2, and
4D3/2,5/2 excited levels [27].

The UV absorption of a material can be used as a method to obtain the refractive
index of the condensed matter which is derived practically by Dimitriv and Sakka
[51]. They used the optical bandgap estimated from UV edge of absorption spectrum
to calculate the refractive index using [52]:

Fig. 6.7 UV-Vis-NIR absorption spectra of tellurite glasses with 1 mol% of Sm3+ ions [27]
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n2 � 1
n2 þ 2

¼ 1�
ffiffiffiffiffi
Eg

20

r
ð6:10Þ

The Lorentz-Lorenz equation that relates to molar refractivity (RM), refractive
index, and molar volume (VM) are given by [52]:

RM ¼ n2 � 1
n2 þ 2

VMð Þ ð6:11Þ

This equation gives the average molar refraction of isotropic substances. The
molar refractivity has the dimension of a volume (cm3/mol). The molar refraction
which is related to the structure of the glass measures the bonding condition which
gives the average RM of isotropic substances. The Lorentz-Lorenz equation presents
the polarizability which is the magnitude of the response of the electrons to an
electromagnetic field. When Avogadro’s number is introduced, the molar refractivity
can be expressed as a function of polarizability. The polarizability (αe) of the glasses
is determined from [52]:

RM ¼ n2 � 1
n2 þ 2

VMð Þ ¼ 4
3
πNAαe ð6:12Þ

where NA is Avogadro’s number.
The room temperature UV-Vis-NIR absorption spectra of Series I and Series II

are presented in Figs. 6.8 and 6.9, respectively. The absorption spectra are recorded
in the range of 300–1800 nm. It can be observed that the absorption spectra for both
Series I and Series II consist of well-defined nine prominent peaks, which are mainly
attributed to the transition from ground level 6H5/2 to the excited states of Sm3+ ion.
The absorption peaks are identified and centered around 401, 474, 948, 1086, 1239,
1386, 1490, 1552, and 1597 nm for TNS samples and 402, 473, 941, 1076, 1226,
1368, 1469, 1534, and 1587 nm for TNSA samples corresponding to transition

Fig. 6.8 UV-Vis-NIR
absorption spectra of (79-x)
TeO2-20Na2O-xSm2O3

glass samples
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bands from ground state 6H5/2 to excited states
6P3/2,

4I11/2,
6F11/2,

6F9/2,
6F7/2,

6F5/2,
6

F3/2,
6H15/2, and

6F1/2. The occurrence of all these peaks is in agreement with other
findings, and the intensities of all absorption peaks vary for all glass samples as
previously studied. All the transition bands were originated from the electric dipole
contribution (ΔJ � 6), and these assignments are made by Mawlud et al.
[18, 19]. The absorption band positions along their assignments of transitions for
the TNS and TNSA glasses are given in Tables 6.3 and 6.4, respectively. For the
most glassy oxide materials, no sharp absorption edge can be observed which
emphasizes its amorphous nature [31].

It is clear that as the Sm2O3 content increased the energy of absorption increases,
this is quite understandable since more energy is required to push electrons from the
higher level to the upper level of the excited state. The increase of the absorbance
with the addition of Au content signifies the increasing concentration of Au NPs. The
intensities of all absorption peaks are increased by the addition of AuCl3 ion from

Fig. 6.9 UV-Vis-NIR
absorption spectra of (79-x)
TeO2-20Na2O-1Sm2O3-
xAuCl3 glass samples

Table 6.3 Assignment of absorption levels and their energies of TNS glass samples for different
concentrations of Sm2O3

Sample
code TeO2%

Na2O
% Sm2O3%

Transition
band Energy (cm�1)

Wavelength
(nm)

TNS2 79.7 20 0.3 6P3/2 25,000 400
4I11/2 21,097 474

TNS3 79.4 20 0.6 6F11/
2

10,537 949

6F9/2 9208 1086

TNS4 79 20 1 6F7/2 8071 1239
6F5/2 7209 1387

TNS5 78.8 20 1.2 6F3/2 6706 1491
6H15/

2

6443 1552

TNS6 78.5 20 1.5 6F1/2 6261 1597
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0.2 mol% to 1 mol%. This observation is in agreement with other findings. However,
the appearance of plasmon band is not seen in the samples containing both Au NPs
and Sm3+ ions due to the overlapping of the plasmon band with the Sm3+ peaks.
Ground state absorption and excited state absorption are the important involved
mechanisms. Using the data in Table 6.3, the plot of the partial absorption energy
level diagram of Sm3+ ion is schematically drawn in order to discuss the
downconversion process and the involved mechanisms, and the results are shown
in Fig. 6.10 [18, 19].

6.6.1 Energy Bandgap and Urbach Energy

The calculation of optical absorption and the absorption edge play an important role
in the electronic structure study of amorphous material. Direct (n¼ 1/2) and indirect
(n ¼ 2) optical band gaps are defined according to Davis and Mott theory [50]. The
absorption coefficient (α(ω)) is plotted as a function of photon energy (ħω) at high
values of absorption near the UV region. The values of direct, indirect band gaps and
Urbach energy of Series I and Series II are listed in Tables 6.5 and 6.6, respectively,
along with the reported optical properties for different tellurite glass compositions.
Figures 6.11 and 6.12 for glass sample in Series I and Figs. 6.13 and 6.14 for glass
sample in Series II show typical Tauc plot for Edir and Eind bandgap.

Direct and indirect bandgap energy reduced with the increasing of Au NPs. This
is due to the energy contributed from Au NPs to NBO in the transition of electron
from lower to upper state. The free electron at NBO has extra energy which can
easily jump from valance to conduction state, thus producing lower optical energy

Table 6.4 Assignment of absorption levels and their energies of TNSA glass samples for different
concentrations of Au NPs

Sample
code TeO2% Na2O% Sm2O3% AuCl3%

Transition
band

Energy
(cm�1)

Wavelength
(nm)

TNSA1 79 20 1 0
6P3/2 24966.5 400.5

TNSA2 78.8 20 1 0.2 4I11/2 21252.3 470.5
6F11/
2

10551.2 947.8

TNSA3 78.6 20 1 0.4 6F9/2 9209.9 1085.8
6F7/2 8069.6 1239.2

TNSA4 78.4 20 1 0.6 6F5/2 7207.0 1387.5
6F3/2 6697.2 1493.2

TNSA5 78.2 20 1 0.8 6H15/

2

6476.5 1544.0

6F1/2 6258.3 1597.9

TNSA6 78 20 1 1
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bandgap. Another reason is, as in the case of Sm-Cl, as reported by Qi et al. [55], it is
expected that the Sm-Cl will be formed as a result of adding AuCl3 to the glass. Since
the bonding of Sm-Cl is ionic bond, the release of an electron is easier than that of
Sm-O. As a result, the value of Edir and Eind bandgap energy is decreased. The
decreasing of Edir and Eind bandgap energy reflects to the creation of NBO. It is
reported that NBO is more negatively charged than those of BO. Therefore, more
electrons can easily be transferred from the valance band to the conduction band.
This reflects a reduction of Edir and Eind optical bandgap energy in the glass.
Furthermore, Halimah et al. [12] reported that the decrease in bandgap is mainly
due to the addition of metallic NPs which causes less order in glass structure and
there is a process of breaking of the regular structure of host glass. The Urbach
energy (Eu) or band tail, which is a character of disorder in the amorphous materials,
can be defined by a plot of natural logarithm of absorption coefficient (α(ω)) as a
function of photon energy (ћω) and determining the inverse of its slope, as described
by Eq. (6.9). Figures 6.15 and 6.16 show the plot of lnα versus photon energy of
Series I and Series II glass system, respectively. It can be observed that there is a
linear part of the curve near the fundamental band edge. The linear part indicates an

Fig. 6.10 Energy level diagram of absorption transitions of Sm3+doped sodium tellurite glass
matrix
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exponential behavior of the photon absorption process which reflects the formation
of defect in the structural network. The fitting of the linear part agrees well with the
Urbach tail behavior [18, 19].

The Urbach energy is estimated from the inverse slope of the linear part. The
Urbach energy is depicted and listed in Tables 6.5 and 6.6 for glasses in Series I and

Table 6.5 Glass codes, direct bandgap energy Edir (eV), indirect bandgap energy Eind (eV), and
Urbach energy EU (eV) of the proposed (80-x)TeO2-20Na2O-xSm2O3 glasses (Series I)

Sample code Sm2O3 Edir Eind EU Reference

TNS1 0 3.044 2.544 0.312 Present work

TNS2 0.3 3.167 2.695 0.256 Present work

TNS3 0.6 3.186 2.769 0.226 Present work

TNS4 1 3.162 2.793 0.267 Present work

TNS5 1.2 3.135 2.712 0.279 Present work

TNS6 1.5 3.114 2.613 0.309 Present work

TMS 0–1.2 2.94–3.10 2.42–2.74 0.19–0.26 [53]

TNS 0.2–1 – 2.36–2.8 0.21–0.38 [54]

Table 6.6 Glass codes, direct bandgap energy Edir (eV), indirect bandgap energy Eind (eV), and
Urbach energy EU (eV) of the proposed (79-x)TeO2-20Na2O-1Sm2O3-xAuCl3 glasses (Series II)

Sample code AuCl3 Edir Eind EU Reference

TNSA1 0 3.321 2.891 0.262 Present work

TNSA2 0.2 3.281 2.853 0.271 Present work

TNSA3 0.4 3.271 2.801 0.299 Present work

TNSA4 0.6 3.241 2.756 0.327 Present work

TNSA5 0.8 3.142 2.721 0.328 Present work

TNSA6 1 3.121 2.638 0.337 Present work

TMSA 0–1 2.88–3.01 2.58–2.82 0.18–0.26 [53]

TZSA 0.2–1 3.11–3.13 2.86–2.93 0.69–0.76 [18, 19]

Fig. 6.11 Typical indirect
energy bandgap for (80-x)
TeO2-20Na2O-xSm2O3

glasses
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Fig. 6.12 Typical direct
energy bandgap for (80-x)
TeO2-20Na2O-xSm2O3

glasses

Fig. 6.13 Typical indirect
energy bandgap for (79-x)
TeO2-20Na2O-1Sm2O3-
xAuCl3 glasses

Fig. 6.14 Typical direct
energy bandgap for (79-x)
TeO2-20Na2O-1Sm2O3-
xAuCl3 glasses
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Series II, respectively. It can be seen that the Urbach energy changes inversely with
optical energy bandgap value and this totally agrees with the results that were
already done by Arunkumar and Marimuthu [46]. Urbach energy is attributed to
disorderness of material, and the changes of Urbach energy’s value is due to the
formation of defects in the prepared glasses. It is observed that Urbach energy
decreased up to 0.6 mol% which might be due to the arising of local long-range
order in glass matrix, thus causing the decrease in the width of the band tail.
However, as the concentration of Sm2O3 is beyond 0.6 mol%, higher Urbach energy
is observed, possibly due to the arising of local short-range order from the maximum
number defects. The Urbach energy at 1.5 mol% is consistent to the increase of
optical bandgap energy which is due to the formation of intermediate bond of TeO3

+1 whereas able to increase or decrease width of band tail. However, it is worth to
notice that this is an anomaly phenomenon.

The Urbach energy increases as the concentration of Au NPs increased, this
reflects the formation of oxygen vacancies, which closely related to the rising of

Fig. 6.15 Plot of lnα versus
hω for Urbach energy of
(80-x) TeO2-20Na2O-
xSm2O3 glass system

Fig. 6.16 Plot of lnα versus
hω for Urbach energy of
(79-x) TeO2-20Na2O-
1Sm2O3-xAuCl3 glass
system

6 Optical Properties of Tellurite Glasses Embedded with Gold Nanoparticles 127



local short-range order. The value of EU is found to be increased from 0.262 to
0.337 eV as the concentration of Au NPs increased. EU which is the scale of disorder
in the material system has greater tendency to convert weak bonds into defects as its
value increases. The increase in EU occurs due to the densification of the glass
network which contributes to the decrement in bandgap [12]. These behaviors
signify more extension of the localized states within the gap [12].

The refractive indices, molar refractivity, and electronic polarizability of the
studied glasses for both Series I and Series II were calculated according to
Eqs. (6.10), (6.11), and (6.12), respectively. Tables 6.7 and 6.8 summarize the
refractive index n, molar refractivity RM, and electronic polarizabilities αe for various
Sm2O3 and AuCl3 concentrations, respectively. The obtained value of refractive
index to be in the range of 2.349–2.385 for TNS glass and 2.316–2.365 for TNSA
glass are comparable with other tellurite glass systems as stated in Tables 6.7 and
6.8. The variation of refractive index which either increases or decreases can be
explained in terms of disorder effect in the glass system [18, 19].

At the beginning of insertion Sm2O3 from 0.3 to 0.6 mol%, the refractive index
gradually decreases. This decrement is due to the formation of TeO3+1 polyhedral
from TeO3 tbp in the glass network. In this part, the Sm atom has less impact of
comparison toward glass lattices and consequently resulted in a lower lattice strain.
Further addition of Sm2O3 up to 1.5 mol% shows that refractive index increased
which reflects to the formation of NBO. This increment is due to the alteration of
structural network with the transformation of TeO4 tbp to TeO3+1 tp as has been
observed in the result of optical energy bandgap. The structure changes toward a
more disordered state with the substitution of Sm atoms. The electronic

Table 6.7 Glass codes, refractive indices n, molar refractions RM (cm3/mol), and polarizabilities αe
(�10�18 cm3) of the proposed (80-x)TeO2-20Na2O-xSm2O3 glasses (Series I)

Sample code Sm2O3 mol% n RM αe Reference

TNS1 0 2.385 17.424 4.839 Present work

TNS2 0.3 2.354 17.233 4.786 Present work

TNS3 0.6 2.349 17.245 4.79 Present work

TNS4 1 2.355 17.224 4.784 Present work

TNS5 1.2 2.362 17.131 4.758 Present work

TNS6 1.5 2.367 17.509 4.863 Present work

Table 6.8 Glass codes, refractive indices n, molar refractions RM (cm3/mol), and polarizabilities αe
(�10�18 cm3) of the proposed (79-x)TeO2-20Na2O-1Sm2O3-xAuCl3 glasses (Series II)

Sample codes AuCl3 mol% n RM αe Reference

TNSA1 0 2.316 17.159 4.766 Present work

TNSA2 0.2 2.325 17.242 4.789 Present work

TNSA3 0.4 2.328 17.224 4.784 Present work

TNSA4 0.6 2.335 17.444 4.845 Present work

TNSA5 0.8 2.360 17.675 4.909 Present work

TNSA6 1 2.365 19.058 5.293 Present work
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polarizability drastically decreased at 1.2 mol%. This could be due to the transfor-
mation of BO to NBO being in a small fraction and the mixing of TeO3+1 which
could not be able to increase the polarizability. Further increasing of Sm2O3 con-
centration up to 1.5 mol% shows that the electronic polarizability increases. At this
point Sm atoms tend to break Te-O bonds and create a number of NBO which have
higher ability to be polarized [56].

The insertion of Au NPs into the glass structure results in an increasing both of
refractive index and electronic polarizability. This increment for some reasons has
been clarified which includes the increasing of structural disorder, the increase of
internal strain, and more change in stoichiometry [18, 19]. At this point, the additive
of Au NPs may be able to change the structural network with the creation of more
defects. Au atoms mostly stay at interstitial site, and there is compression toward
Te-O bond structure. The interstitial atom Au causes the change in the initial Te-O
bond length to a relative length, thus increasing the lattice strain.

6.6.2 Nephelauxetic Ratio and Bonding Parameter

Bonding properties can be investigated from the nephelauxetic ratio β and bonding
parameter δ. The nephelauxetic ratio which indicates the properties of the rare earth-
oxygen (RE-O) bonding can be calculated by using equation [57]:

β ¼ vc
�

va
ð6:13Þ

where v�c is the wave number (in cm�1) of a particular transition in the host matrix
under selection and va is the wave number (in cm�1) of the same transition in the
aquo-ion system. The value of β

�
corresponds to “nephelauxetic effect” or shift in

energy, due to metal-ligand orbital overlap [18, 19, 57]. From the mean values of β,
the bonding parameter δ can be calculated using the expression:

δ ¼ �
1� β

��
β
� ð6:14Þ

The bonding parameters depend on the field environment of the host network
[58]. The positive or negative sign of δ is a measure of ionic or covalent nature of the
bonding of RE ions and their surrounding ligands. The δ value indicates the bonding
between RE ions and their surrounding ligand which depends on the field environ-
ment of the host network. Nephelauxetic effect occurs due to metal-ligand bond
formation, that is, overlap between the metal and ligand orbitals forming larger
molecular orbital leading to delocalization of the electron cloud over a larger area.
Bonding properties can be investigated from the nephelauxetic ratio (β

�
) and bonding

parameter (δ) which are calculated by using Eqs. 6.13 and 6.14. The observed band
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positions (cm�1) which are originating from the ground state 6H5/2 to excited states
6

P3/2,
4I11/2,

6F11/2,
6F9/2,

6F7/2,
6F5/2,

6F3/2,
6H15/2, and

6F1/2 transitions, nephelauxetic
ratio, and bonding parameters for Series I and Series II are summarized in Tables 6.9
and 6.10, respectively. It is observed that the bonding parameter δ possesses a
negative sign for all glass samples in Series I and Series II which means that Sm3+

and ligand are ionic bonding in nature. It can be seen that the δ is increasing and
decreasing with the increasing of Sm2O3 concentration. The increasing of bonding
parameter could be explained from the value of electronegativity difference [59]. As
the electronegativity between two atoms becomes higher, the polar covalent bond
also becomes higher. This means that one of the atoms is more positive and the other
has more negative charge. The atom which attracts electrons toward itself becomes
more negative. The phenomenon of electron pairs shifting toward one atom creates
the formation of covalent bonds. The electronegativity of Sm is 1.17, oxygen is
3.610, and Te is 2.158 which shows that the electronegativity difference between Sm
and O is higher than those of Te-O bond. Thus, the addition of Sm2O3 at the expense
of TeO2 may increase the number of covalence bond. The electron pair that is Sm-O
bonding together will shift toward the oxygen atom because of the larger electro-
negativity value of oxygen. It is observed that the value of bonding parameter shifted
toward a higher direction with the increase of Au NPs concentration up to 0.4 mol%.
The participation of Au has changed the site symmetry of Sm3+ and oxygen by
moving it toward a higher asymmetry site which results in the asymmetrical distri-
bution of electrons. Then the asymmetrical electrons possess a different electron
density at different sites of oxygen atom where one site has more electrons (nega-
tivity) and the other site has less electrons (positivity) [18, 19, 59]. Such electrons
must have a greater potential to be attracted by Sm3+ ion which leads to increase the
number of covalence bond as well as decrease the number of ionic bonds. With

Table 6.9 The transitions, energy levels, and nephelauxetic and bonding parameters for the (80-x)
TeO2-20Na2O-xSm2O3 (x ¼ 0, 0.3, 0.6, 1, 1.2, 1.5) glasses

Transition

Energy level (cm�1) Aquo-
ion
[29]TNS2 TNS3 TNS4 TNS5 TNS6

6H5/2 ! 6P3/2 24,961 25,021 25,000 25,001 25,022 24,999
6H5/2 ! 4I11/2 21,142 21,275 21,200 21,275 21,277 21,096
6H5/2 ! 6F11/2 10,550 10,539 10,548 10,542 10,553 10,517
6H5/2 ! 6F9/2 9201 9195 9197 9196 9193 9136
6H5/2 ! 6F7/2 8070 8070 8070 8068 8068 7977
6H5/2 ! 6F5/2 7208 7206 7205 7210 7213 7131
6H5/2 ! 6F3/2 6698 6698 6698 6700 6705 6641
6H5/2 ! 6H15/2 6440 6452 6447 6450 6448 6508
6H5/2 ! 6F1/2 6266 6272 6266 6278 6276 6397

β 9.0110 9.0205 9.0152 9.0212 9.0235 –

β
� 1.0012 1.0023 1.0017 1.0024 1.0026 –

δ �0.1216 �0.2278 �0.1681 �0.2345 �0.2602 –
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further addition of Au NPs up to 0.6 mol%, the bonding parameter will shift toward a
lower value. This leads to increase the number of ionic bond.

It has been confirmed that the sample containing 1 mol% Sm2O3 and 0.4 mol%
Au NPs possesses the highest covalence bond character compared to others. At this
composition, Au NPs contents are sufficient to change the symmetrical site of Sm3+

because they have higher strength to attract electron. Since that, this composition
possessed the lowest inter-electronic repulsion and the highest covalency between
Sm3+ and the ligand in composition with other composition. Using this argument, a
comparison with the other glass containing 1 mol% Sm2O3 in terms of its
nephelauxetic ratio and bonding parameter can be made, and the results are listed
in Table 6.11. It is observed that the covalence bond increases as
1SmPbFb<BLNS<B4TS<PKAMZFSm10<S3<TNSA3. Thus, it can be concluded
that TNSA3 has lower inter-electronic repulsion of Sm-ligand which results in a
strong covalence bond [18, 19].

6.7 Surface Plasmon Resonance

Transmission electron microscopy (TEM) permits the direct particles’ morphology
image inside the glass structure and provides information about the particles in terms
of their shape and size distribution. The existence of nanocrystalline phase of Au in
the presence of regular morphologies of the resultant microstructures after crystal-
lization is verified by TEM analysis. The black spots verify the occurrence of Au
NPs having different sizes and shapes of non-spherical NPs and are visibly dispersed
homogeneously in the glass matrix. Figure 6.17a shows the TEM micrograph of the
glass with 0.4 mol% of AuCl3 (TNSA3) [18, 19].

The shapes of the NPs exert prominent effects in the optical absorption spectra of
metal NPs compared to the size and surrounding effect [43]. The fusion of Au NPs
within glass matrix restricted the electromagnetic energy or optical excitation in a
nanoscale volume, and the local field enhancements mediated strong optical inter-
actions within this volume. The occurrence of broad particle size distribution is
shown in Fig. 6.17b which displays the histogram fitted to a Gaussian curve. From
Fig. 6.17b, the average diameter of Au NPs inside the glass matrix is

Table 6.11 Comparison of average nephelauxetic ratio β
�
and bonding parameter δ with different

glass hosts

Sample code β
�

δ Glass host Reference

TNSA3 1.00051 �0.0514 Sodium tellurite Present work

S3 1.0123 �0.121 Magnesium tellurite [53]

PKAMZF-Sm10 1.0076 �0.7601 Sodium fluoroborate [13]

B4TS 1.0040 �0.3984 Fluorophosphates [60]

BLNS 1.0072 �0.7137 Borotellurite [61]

1SmPbFb 1.0078 �0.7784 Fluoroborate [46]
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~3.36 � 0.076 nm for AuCl3 0.4 mol% (TNSA3). The different size distributions
of the NPs caused by the diffusion limit of the NPs growth [37].

Figure 6.18 shows the high-resolution transmission electron microscopy
(HRTEM). The fringe spacing of gold was 0.24 nm which corresponded well to
the spacing between (111) planes of face-centered cubic gold (JCPDS card
No. 04-0784).

It is well-known that the absorption in the UV-Vis spectrum is the most reliable
tool to analyze the function of metallic nanoparticles and to observe the existence of
SPR band. The absorption spectra of Sm3+ ions exhibiting several bands in the
visible region overshadow the plasmon band of gold NPs [18, 19, 38]. No plasmon
peak is observed in co-doped Au NPs and Sm3+ ions with sodium tellurite glasses
due to the overlapping of the plasmon band with the Sm3+ peaks. In order to study
and to locate the plasmon resonance band clearly, Series III (TNA) of glass samples

Fig. 6.17 (a) TEM image of glass containing 0.4 mol% of Aucl3 (TNSA3 glass) displays the
distribution of spherical and non-spherical gold NPs. (b) Histogram of size distribution of gold NPs
with average diameter of ~ 3.36 nm for respective glass

Fig. 6.18 HRTEM image
of a part of Au NPs
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with a chemical composition (80-x)TeO2-20Na2O-xAuCl3 (x ¼ 0, 0.2, 0.4, 0.6, 0.8,
1 mol%) and without Sm2O3 is prepared. The clear evidence of intensive SPR
absorption band around 550–590 nm in the UV-Vis spectrum is shown in
Fig. 6.19; it confirms the existence of nanosized gold particles in the glass matrix.

Figure 6.19 presents the absorption spectra of TNA glass system which indicates
the presence of two SPR bands centered at about 550 and 590 nm. The distinct
plasmon bands are revealed from the elongated NPs which are related to transverse
and longitudinal SPR oscillations of the Au NPs, respectively. These peaks are in a
good agreement with the previous study (530 nm). In the previous study, it was
reported that the observation of SPR band of isolated gold NPs is in the region of
500–600 nm [45]. With further addition of Au NPs in the glass matrix, a slight
significant red shift in the plasmon peak is observed. The plasmon bands shift from
550 to 556 nm (red shift). This shift is related to the higher refractive index possessed
by most tellurite glasses which normally lies approximately in the range of 2–2.5
[20, 21]. This is particularly reliable since the higher refractive index will cause the
SPR to shift to a longer wavelength. The red shift in the SPR absorption band can be
also ascribed to the increase in mean diameter of gold NPs. However, the position of
plasmon band is comparable and positioned in the visible region. The intensity of
both plasmon peaks is not so immense. This is due to the existence of spherical and
non-spherical shapes of AuNPs in the glass matrix. It is established that NPs diameter
and the features of SPR band can be tuned by changing the concentration of Au [31].

6.8 Photoluminescence Spectral Analysis

Photoluminescence (PL) is the emission of light from a material under optical
excitation [37]. Luminescence is the phenomenon involving the energy absorption
by material and subsequent re-emission of light. Excitation of the luminescent

Fig. 6.19 UV-Vis
absorption spectra of glass is
showing SPR band positions
of gold NPs
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substance occurs when an electron returns to the electronic ground state (valence
band) from an excited state (conduction band) and loses its excess energy as a
photon. In the metal, the energy of the emitted photon is very small, since the valence
and conduction bands overlap and the wavelength is longer than the visible
spectrum. Therefore, luminescence does not occur. However, in certain glass
materials, the energy bandgap between the valence and conduction band is such
that an electron dropping through this gap produces a photon in the visible range
[18, 19, 37].

Luminescence occurs from electronically excited states; and this phenomenon is
divided into two categories including fluorescence and phosphorescence. The type
of luminescence is decided by the nature of the excited state. Fluorescence occurs
when the stimulus agent is removed. As a result, all excited electrons drop back to
valence band, and the photon is emitted within about 10�8 s. The radiative lifetimes
of the excited electronic states, which are responsible for the time constants for
fluorescence, vary from 10�10 s to 10�1 s [57]. Phosphorescence occurs when the
stimulated electron first drops into the donor level and is trapped, and then the
electron must escape the trap before returning to the valence band [18, 19, 37]. The
visible down-conversion of the luminescence spectra for the prepared glass in Series
I and Series II are shown in Figs. 6.20 and 6.21, respectively. The emission spectra
were recorded at a room temperature (25 �C) under 404 nm excitation wavelengths.
The emission spectra exhibit four emission bands centered at 563, 599, 644, and
703 nm for TNS glass system and 577, 614, 658, and 718 nm for TNSA glass
system. The emission peaks were assigned to the transition of 4G5/2 ! 6H5/2,
4G5/2! 6H7/2,

4G5/2! 6H9/2, and
4G5/2! 6H11/2, respectively. From these emission

bands, a possible of moderate green, moderate yellow, intense orange, and feeble red
color could be expected for all samples in Series I and Series II.

Obviously, the relative intensity in transition bands 4G5/2 ! 6H7/2 is higher
compared to the other transition bands, and 4G5/2 ! 6H11/2 is found to be weak in
intensity which is in a good agreement with the previous research [62]. The obtained
emission peaks of glass system confirm the presence of samarium trivalent state that
results in large luminescence efficiency. A change in the emission profile with the

Fig. 6.20 Downconversion
photoluminescence spectra
of Sm3+-doped tellurite
glass with different
concentrations of Sm3+ ions
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introduction of Au NPs is clearly noticeable. Furthermore, the glasses containing Au
NPs possess higher intensities for all emission bands.

Figure 6.22 shows the simplified emission energy diagram of Sm3+-doped
TeO2-Na2O glass embedded with Au NPs. Thus, the possible mechanism for
Sm3+ emission can be explained through the partial energy diagram. It can be
seen that, as the Sm3+ ions are pumped with 404 nm excitation wavelength, they
excite to 6P3/2 state by ground state absorption (GSA) after getting the extra energy
from SPR of Au NPs. An energy transfer enhancement (ETE) may occur which
promotes the higher number of photon emitted which can be detected on PL
intensity. Then some of Sm3+ ions were found relaxed NR to a relaxation lower
level 4G5/2 since the

6P3/2 level has comparatively a shorter lifetime. Meanwhile, in
the intermediate energy level, there is an energy transfer between Sm3+ ions called
cooperative energy transfer (CET) between 4G5/2 and

6P3/2. A similar mechanism
in other systems containing Sm3+ ions embedded with Ag NPs has also been
established elsewhere. The Sm3+ ions populated 4G5/2, and then they decay to
6H5/2,

6H7/2,
6H9/2, and

6H11/2 by emitting moderate green, moderate yellow,
intense orange, and feeble red color. This is depicted in the energy level diagram
in Fig. 6.22. The 4G5/2 energy level possesses purely radiative relaxation due to
sufficient energy gap of ~7200 cm�1 with respect to the next lower level 6H11/2.
It is very important to mention that if the concentration of Sm3+ is too high, energy
transfers between them can occur and dominate the energy transfer process
[18, 19]. At this concentration, energy transfer from Sm3+ to Au NPs will take
place, and the quenching phenomenon is observed. The energy transfer quenching
(ETQ) of this kind is also shown in Fig. 6.22.

The factor of enhancement and quenching of the emission intensity is determined
from the ratio between intensity of the samples in the series and intensity of the first
sample in the respective series. The behavior of quenching or enhancement of

Fig. 6.21 Downconversion
photoluminescence spectra
of Sm3+-doped tellurite
glass embedded with Au
NPs with different
concentrations of AuCl3
ions
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fluorescence is attributed to the geometry-dependent variation in nanometal surfaces
or particles [7]. In gold NPs, plasmons can be excited at frequencies that can be tuned
through the visible range [56]. A plot of integrated intensity versus concentration of
Sm2O3 mol% and AuCl3 mol% are drawn as shown in Figs. 6.23 and 6.24 for Series
I and Series II glass system, respectively. Enhancement and quenching effect also
occur in glass with different Sm2O3 as shown in Fig. 6.23. It is observed that the PL
intensity shows the increment with the addition of Sm2O3 up to 1 mol%. This
enhancement indicated that Sm3+ leads to increase the probability of photon emit-
ting. However, beyond 1 mol% Sm2O3, the intensity is quenched by a factor of
1.63:1.53:1.61:1.76 times for all the transitions. This quenching is due to the
decrease in distance between Sm3+ ions which imply the energy transfer of Sm3+

ions due to the existence of inter-atomic interaction [63]. A similar approach has also
previously been done in the Sm3+-doped magnesium tellurite glasses embedded with
Ag NPs.

From Fig. 6.24, it is observed that the PL intensity is enhanced as Au NPs
concentration increased up to 0.4 mol % for 1.90:1.82:1.97:2.25 times to the one
without Au NPs for all transition bands 4G5/2! 6H5/2,

4G5/2! 6H7/2,
4G5/2! 6H9/2,

and 4G5/2 ! 6H11/2, respectively. This enhancement is attributed by two possible

Fig. 6.22 Schematic energy level diagram of Sm3+ ion shows ground state absorption and excited
state absorption mechanisms
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reasons, firstly due to the local field effect of Au NPs in the vicinity of Sm3+ ions.
This is due to the difference between the relative permittivity of the metal and the
surrounding glass matrix, which would allow the SPR to produce surface waves that
move along the metal dielectric interface [18, 19, 64]. As a result, the electromag-
netic energy will be concentrated more tightly; thus, it produces the giant electric
field around the particle especially at a sharp metallic tip [38]. Hence, with respect to
the incident field, a large local electric field is induced in the vicinity of lanthanide
ions. Secondly, it is due to an energy transfer between the Au NPs and Sm3+ ions
[33]. A similar enhancement has also been observed in the glass containing Sm3+-
doped magnesium tellurite embedded with Ag NPs. Further addition of Au NPs, the
quenching effect can be observed in sample with concentration more than 0.4 mol%
of Au NPs. The emission intensity is decreased which is due to the energy transfer
from Sm3+ to Au species. Since the largest enhancement for most of the sample was

Fig. 6.23 PL-integrated
intensity versus Sm2O3

concentration

Fig. 6.24 PL-integrated
intensity versus AuCl3
concentration
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observed at 0.4 mol% Au NPs, it is assumed that this is the best concentration for the
Au NPs contribution in achieving orange-red laser production.
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Chapter 7
Lanthanide-Doped Zinc Oxyfluorotellurite
Glasses

M. Reza Dousti and Raja J. Amjad

Abstract In this chapter, we present the versatile examples and optical properties of
zinc oxyfluorotellurite glasses doped with rare earth ions, and current challenges in
this field are discussed. Zinc-tellurite glasses are among the most important heavy
metal glass compositions with a wide range of excellent structural, thermal, chem-
ical, and optical properties. When doped with rare earth ions, zinc-tellurite glasses
show superior properties than other glass compositions, such as wide broadband
luminescence and efficient upconversion emissions of Er3+ ions, as well as high
rare earth solubility, which facilitate the incorporation of sensitizers such as Ce3+ and
Yb3+ ions. When modified with some fluoride components, the optical and thermal
stability of rare-earth-doped zinc-tellurite glasses does not change drastically, while
the average phonon energy stays in a low-range energy, and the excited state lifetime
of the rare-earth ions increases due to the different site symmetry provided by F�1

ions rather than O�2 ions. The recent developments in the oxyfluorotellurite glasses
doped with rare earth ions are given in this chapter, which will be compared to those
achieved with the zinc-tellurite oxide glasses.

7.1 Introduction

Material science is a branch of knowledge which involves in classification of solid
substances by their versatile structural properties and exterior figure. It is the
combination of three major branches of science: chemistry, physics, and engineer-
ing, which aim to build useful and economical composites. In a chemical taxonomy,
materials are classified in four different classes categorized by their electronic and
bonding structures: metallic, ionic, covalent, and van der Waals. In an engineer’s
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point of view, a compound can be set in one of four, metals, semiconductors,
polymers, and ceramics, groups. Physicists divide the solid materials to either
crystalline or noncrystalline (amorphous) solids.

Composites like ceramics and glasses are complimentary materials with diverse
applications from solar cells, optical amplifiers, solid-state lasers, and army appli-
cations to development of medical devices. Over the years, necessity of research on
glasses is increased to understand their structure, properties, and functionality. An
exponential increase in number of publications in the field of glasses in general and
tellurite glass in particular is an evident of such needs [1]. According to the Scopus
database [1], more than 180,000 documents are indexed on glasses in the last
50 years, where more than 108,000 documents out of total (60%) are published
since 2000 to now (end of 2017). In this regard, 50.6% of documents are indexed in
the field of materials science; 39.9%, 33.4%, and 15.6% of documents are indexed
by physics (and astronomy), engineering, and chemistry, respectively.

On the other hand, special optical properties of the rare-earth (RE) ions and their
photonic applications in addition to non-radiative energy transfer (ET) processes led
to a wide study on REs. In principle ET processes may favor particular applications
(such as the operation of anti-Stokes emitters), but it may be detrimental as in the
case of RE-based lasers because interactions among the active ions contribute for the
increase of the laser threshold. In particular, the study of ET processes in glasses
having frequency gap in the visible region deserves large attention because when
doped with RE ions, some glasses may present efficient visible luminescence. The
efficient emission intensity of REs embedded in glasses is limited to particular
concentration so that further introduction of REs results in clustering of dopants or
inefficient energy transfers. The formation of such clusters rises to increasing the
non-radiative (NR) transfer rates between REs; therefore “concentration quenching”
phenomena will occur [2, 3]. Several methods have been proposed to avoid the
quench phenomena by increasing the efficiency of RE emissions. Enhancements
through the effect of co-dopants on local symmetry of RE by adjusting the local
interaction with suitable crystal structure, reduction of quench centers,
semiconductor-induced energy transfer, and introduction of noble metallic
nanoparticles (NPs) are presented by Zheng et al. [4]. Glasses doped with RE ions
and metallic nanoparticles have been investigated due to their applications as optical
devices. It has been demonstrated that metallic nanoparticles may enhance the RE
luminescence and improve nonlinear optical properties.

Among the oxide glasses, tellurite glasses are in much interest due to their
potential applications; they have attracted interest for optoelectronic and photonic
applications because of promising properties such as high refractive index (~ 2.0),
large transparency in the infrared region (up to 5 μm), low cutoff phonon energy
(~ 800 cm�1), high solubility of rare-earth ions, chemical durability, and thermal
stability. However, it has been shown that the tellurium oxide can be used as glass
former unaccompanied. Modifier oxides and fluorides such as zinc oxide, tungsten
oxide, lead oxide, and some alkaline oxide such as Li, Mg, and K can improve the
glass formability of tellurium oxide. Zinc oxides which modified tellurite glasses
have been studied mostly because of their large refractive index, thermal stability,
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and improvement of tellurite structure. The heavy metal oxide glass formers (e.g.,
tellurite and antimony) and modifiers (e.g., zinc and lead) showed more polarizabil-
ity and covalency properties. Therefore, they are promising to increase the emission
cross sections of RE ions in the glassy hosts. On the other hand, the metallic NPs in
the system aim to enhance the optical properties of Er3+-doped glasses. However,
quenches are also observed in different studies.

In this chapter, firstly, a short introduction on importance of material science and
glass technology has been explained. It will be followed by describing the impor-
tance of the glasses and RE-doped glasses. This will be continued by a noteworthy
review on tellurite glasses giving a chronological study on the history of glasses, the
first-time preparation experience of tellurite glass. Next, the structural, thermal, and
optical properties of tellurite glass modified by different oxides will be discussed.
Next, the spectroscopic properties of trivalent rare-earth ions will be explored, and
probable mechanism, such as energy transfer and relaxation processes, will be given.
The rest of this chapter is devoted to summarize the recent results of the spectro-
scopic studies of rare-earth ion-doped tellurite and some oxyfluorotellurite glasses.
The influence of metallic NPs on the optical behavior of these glassy systems will
also be reviewed. The new achievements and importance of the research are
ascertained in this chapter. However, there are numerous works in recent years in
this area, which could not be covered.

7.2 Glasses: From the Art to the Science

Currently, glasses exist all around the world and in our daily life, starting from
drinking cups to the dressing mirrors, from electric lamps to the communication
fibers, and from window glass to wine bottle and many attractive decorative jams.
There are magnificent collections and museum of glasses which inspire the human
mind by those timeless and limitless colorful and shaped objects of art. The first
glasses on the earth, indeed, have been made by nature. The ashes of overflowed
volcanoes get cooled down slowly and make natural glasses, containing aluminum
silicon, sodium, potassium, calcium, and iron.

The history of glasses made by man is started since 4000 B.C. in Mesopotamia,
western Asia. These glasses were glazed due to application of copper compounds.
Colorful glasses have been prepared between fourteen and sixteen century B.C. in
Egypt. However, the art of glass transferred to Syria, Cyprus, and Palestine at
eleventh century B.C. All nations have used same technique to prepare the glasses;
the glasses were melted, drown out, and winded around a clay core which was kept
by an iron rod. The art of glasses has many centers through the history from Greece
and Macedonia, Roman Empire, and Muslim countries, especially in Syria and
Palestine at seventh century A.D., China (second century B.C.) and India (fifth
century B.C.), Baghdad (ninth century), and Persia. Later, large tax reliefs and social
recognition from European governments (starting from Italy and Germany) pushed
the glass-makers to develop the techniques of glass blowing. Addition of calcia to
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make shinier and brilliant glasses (Crystallo glasses) and “ice glasses”methods were
two biggest achievements of that time. Later, crystals became very popular, and then
fluorescent glasses, opaline, HF-etched glasses, and cobalt blue glasses were pre-
pared. In the twentieth century, by developments of chemistry and physics of
inorganic materials, glasses were also grown, not only for decorative objects, and
daily life facilities, but for scientific purposes. Silica glasses are the first production
of this century, which was mixed with other oxides. By understanding the amor-
phous nature of glasses, study of the local structure and bonding in glasses was
acknowledged as important factors. The cutting, polishing, and coating methods led
to develop glass pieces potential for microscope, telescope, glass fibers (cables),
electronic bulbs, and beverage bottles.

More recently, zinc phosphate and lead borate glasses were used as solders.
Phosphate and fluorophosphate glasses were applied as laser hosts. Memory panels
and switching materials were prepared by chalcogenide glasses. Superior transpar-
ency of halide glasses suggests them good candidate to be substitute for silica fibers.
Modern glasses are versatile. They showed different physical and optical properties
due to their specific structures, which make them excellent candidate for application
in different branches of science and technology. In a scientific approach, tellurite
glasses attracted large interest due to its significant optical, thermal, and physical
properties. On the following section, a review on history and properties of tellurite
glasses will be presented.

7.3 Preparation of Tellurite Glass: Physical and Structural
Properties

The most stable oxide of tellurium is tellurium dioxide (TeO2). This property of
TeO2 introduced it as a suitable host for crystalline solids and glasses. Some of the
physical properties of TeO2 are listed in Table 2.2. The first tellurite glass was
synthesized by Cheremisinov and Zalomanov, at 1962 [5]. They used almost pure
tellurium dioxide (99–99.5%) to melt in an alumina crucible and melt at 800–850 �C
for 30–40 min. Then the melts were cooled with a rate of 100 �C/h and kept at
400 �C for 1 h. Next, the furnace was turned off and glass was left to be cooled
naturally. They yielded a greenish hue cylinder of transparent glass which contains
6% Al2O3 contamination. Lambson and co-workers (1984) also made them efforts to
prepare tellurite glass by high-purity crystalline tetragonal powder. They used
different methods of melting, casting, and cooling; however, they failed [6]. At the
same time, they finally succeed to synthesize a greenish hue tellurium glass with
1.6% Al2O3 impurity by (1) avoiding the formation of the polycrystal and (2) remov-
ing any crystal center in the melt. Barady [7] also reported on tellurite oxide glasses.
He noticed that the tellurium dioxide is a poor glass former, meaning that it is
necessary to add a modifier to start TeO2 powder to form the glass. Ten mol%
concentration of any modifier is required to form the tellurite glass. In 1978,
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Mochida et al. [8] and Kozhokarov et al. [9] were reported on binary tellurite glass
modified by monovalent and divalent cations and binary tellurite glasses containing
transition metal oxides, respectively. The physical and optical of these systems are
reported by El-Mallawany [10].

Two crystalline phases exist in pure TeO2: paratellurite (α-form) [11] and tellurite
(β-form) [12]. In both forms, four coordinate tellurium and four bridging oxygen
consist a completely interconnected network. Figure 7.1a shows the TeO4 trigonal
bipyramid (tbp) which is the basic polyhedron in both tellurite crystalline forms.
This group is known as Q4

4 in which a lone pair of electrons filled an equatorial
position. Axial and equatorial bond lengths of Te-O are 2.08 A and 1.90 A,
respectively. Figure 7.1b shows the difference between α- and β-forms, which is
the sharing behavior of polyhedral by corners and edges, respectively. Another
difference of these two crystalline phases is shown in Fig. 7.1c, where α-TeO2

consists of a three-dimensional network, but β-TeO2 is an infinite two-dimensional
sheet.

Addition of modifiers breaks the connected network of TeO2. For example,
addition of only 20 mol% of Na2O [14] breaks some of the Q4

4 groups in TeO2

glass to form the Q3
4 and Q2

3 polyhedra (Na2Te4O9). Tellurium is bonded to three
bridging oxygen and one non-bridging oxygen in Q3

4 group, while it is connected to
two bridging oxygen atoms and one doubly bonded non-bridging oxygen. Addition
of 33 mol% of Na2O [15] breaks all the bounds in Q4

4 group while forming new
group in tellurite glass, Q1

3. An addition of 50 mol% Na2O (Na2TeO3) leads to the
appearance of the TeO3

2� trigonal pyramid (tp) (or Q3
0 groups) [16]. As shown in

Fig. 7.1, tellurium in Q3
0 group is bonded to three non-bridging oxygen atoms.

The first neutron diffraction study on 20Li2O-80TeO2 by Neov [17] showed that
coordination number of Te-O is around 4 in 1.9–2 A range. The 23Na NMR studied
by Zwanziger et al. [18, 19] revealed that there is no Te-O-Na bond in sodium-
tellurite glass. Suzuki et al. [20] studied the neutron diffraction on barium-tellurite
glass, and existence of two different Te-O distances was revealed at 1.9 and

Fig. 7.1 (Left) Different forms of pure TeO2 in its crystallized phase. (Center) Different polyhedral
groups of modified TeO2 system. (Right) Atomic arrangement illustration of (TeO2)80-(ZnO)20
glass system [13]
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2 A. Three short bonds and one longer bond were observed in pure TeO2 due to the
presence of distorted TeO3+

1 tetrahedron. The short Te-O bond distance declined to
1.86 by increasing the concentration of barium oxide.

The first Raman spectroscopy studies on tellurite glass by Sakiya et al. [21] led to
assignments of different groups in tellurite network, Q4

4, Q3
4, Q2

3, and Q1
3.

Tatsumisago et al. [22] investigated the Raman spectrum of lithium-tellurite oxide
and showed that introduction of modifier breaks the TeO4tbp and constructs the
TeO3tp groups, consisting of non-bridging oxygen. By the NMR technique, it is also
shown that abundance of TeO4tbp and TeO3tp is independent of the added alkali
modifiers [23, 24].

Chemical durability of tellurite glasses was studied by Stanworth (1952)
[25]. Tellurite glass shows large durability against water, acids, and alkaline. The
weight loss of the order of 5 � 10�7 and 20 � 10�7 g/cm2/day�1 was measured for
18%PbO-82TeO2 and 22PbO-78TeO2 glasses, respectively. The water durability of
lead-tellurite glass reduces by introduction of modifiers such as lithium oxide and
sodium oxide, while this effect is more rigorous by adding the boron oxide in
tellurite glass. Tellurite glasses containing BaO, Li2O, Na2O, and As2O5 showed
heavy attacks and reduction of water durability.

El-Mallawany et al. [26, 27] has recently studied the structural and optical
properties of some lanthanide-doped tellurite glasses based on the glass composition.
They showed that the rare-earth ions were incorporated in the network of the present
glasses and act as a network intermediate. They suggested that these glasses are
promising host for the rare-earth ions and suitable for optical properties and optical
applications. El-Mallawany et al. also studied optical properties [28, 29], elastic
moduli and ultrasonic attenuations [30–32], heat capacity [33], and electrical
[34, 35] and structural properties [26, 29, 36] of some new tellurite glasses, in the
last few years.

Figure 7.1 (right) shows the structure of α-TeO2 tellurite glass as reported by
Kozhokarov et al. 1986 [13]. The shortest Te-Te distance in this system shows the
presence of weak metal bonds between two cations. Zinc-tellurite glasses are also
investigated by Sidek [37], Hoppe [38], and Sahar [39] and [40]. Some of the
physical, structural, and optical properties of zinc-tellurite glasses studied by Sidek
are listed in Table 7.1. Sidek et al. showed that the introduction of ZnO to TeO2

network shifts the band at 626 cm�1 to the band at 669 cm�1 from pure TeO2 to
15ZnO-85TeO2 glassy system, respectively. The addition of zinc oxide to TeO2

matrix increases the density, refractive index, and Urbach energy, while polarizabil-
ity and molar volume and optical band gap are decreased gradually. Hoppe et al. [38]
showed that introduction of ZnO in TeO2 glass system decreases the total Te-O
coordination number, while TeO4 tbp groups transform to TeO3 units. The bond
distances for two existing species of Te-O band were measured to be 1.9 Ǻ and 2.1
Ǻ. Hoppe et al. [38] interpreted the change of coordination number as follows:
addition of second oxide to corner-connected TeO4 in TeO2 network, breaks the Te-
O-Te bridging, and converts two TeO4 units to TeO3 units with one non-bridging
oxygen for each. By means of the neutron diffraction method, the atomic arrange-
ment of a zinc-tellurite glass with composition 80%TeO2 + 20%ZnO has been
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studied [41]. Approximately 35% of the Te atoms conserve the same coordination
state as in the TeO crystal structure. The remaining Te atoms are of lower coordi-
nation. The observed variations of the Te-Te and Te-O distances greater than 3.0 Ǻ
have an essential contribution to tellurite melt amorphization [41].

7.4 Thermal Properties

The melting, crystallization, and glass transition temperatures, Tg, are well-known
thermal properties of amorphous glass networks, which are related to structural
arrangements of the system. Glass transition temperature, crystallization tempera-
ture, and melting temperature are the three major thermal characteristics, which can
be evaluated by differential thermal analyzer (DTA) and differential scanning
calorimeter (DSC) measurements. Here, we review on some previously reported
results of thermal measurements on tellurite glasses. Three thermal properties
(Tg, Tc, and Tm) of different tellurite glasses are listed in Table 7.2. Tellurite glasses
show high thermal expansion coefficients (150–200 � 10�6�C�1) and low defor-
mation temperature, around 250–350 �C.

Table 7.2 Thermal properties of different tellurite glasses

Year
[Ref] Glass

Tg
(�C) Tc (�C)

Tm
(�C)

Tc � Tg
(�C) H

2009
[42]

TZLF-Er 292 465 173 0.59

2007
[43]

TeO2-Na2O-ZnO 285 482 – 197 0.69

2010
[44]

TeO2-Li2CO3-Er2O3-AgNO3 250 330,
357, 380

427 80,
107, 130

0.32

2009
[45]

TeO2-ZnF2-PbO-Nb2O5 263 380 – 117 0.44

2008
[46]

TeO2-ZnO-BaO 340 550 – 210 0.62

2007
[47]

TeO2-ZnO-Eu2O3

TeO2-ZnO-LiF-Eu2O3

TeO2-ZnO-Na2O-Li2O-Eu2O3

TeO2-ZnO-Na2O-Li2O-Nb2O5-
Eu2O3

326
264
248
277

434
420
418
401

663
583
615
670

108
156
170
124

0.47
0.95
0.73
0.46

2009
[48]

TeO2-ZnO-Nb2O5-MoO3-
Pr6O11

407 548 – 141 0.34

2008
[49]

TeO2-ZnO-Er2O3 335 475 – 140 0.42

2007
[50]

TEGNAZO10 293 416 445 123 0.42

2006
[51]

GeO2-PbO-PbF2-CdF2-Er2O3

TeO2-GeO2-PbO-PbF2-CdF2-
Er2O3

406
318

543
432

828
838

137
114

0.34
0.36
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Stabilization of the glass is possible by keeping the glass at temperature slightly
below glass transition temperature. It is worth to mention that at Tg, the viscosity is
extremely large (~ 1013 poise). The stability factor, S, can be calculated by S¼Tc�Tg.
The time of annealing the glass at around Tg changes the properties of the glass,
while volume of the glass also depends on cooling rate. Another factor to determine
the tendency of the system to become a glass rather than a crystal can be defined by

Kg ¼ Tc � Tg

Tm � Tc
ð7:1Þ

where Kg is known as glass-forming tendency and Tm is the melting point of the
glass [52]. Equation (7.1) is mostly referred as Hruby’s formula, (H ).

DTA and DSC techniques are usually used to investigate the glass transformation
mechanism which could be studied by observing the kinetic of glass transition. In
this regard, the glass transition temperature is defined as a function of heating rate.
Also, activation energy (Eη) which is one of the important kinetic thermal parameters
can be determined by thermal analyzing techniques [53]. Strong glasses show high
resist, small structural change, and small heat capacity change around the Tg with the
changing temperature [54–56]. On the contrary, fragile glasses are known as the
materials with large structural and heat capacity change in glass transition temper-
ature. El-Mallawany [10] presented in his book that tellurite glasses follow the “two-
thirds rule,” which were previously established for silicate, phosphate, borate, and
germanate glasses. Two-thirds rule states that the ratio of glass transition temperature
(Tg) to the melting temperature (Tm) of the glass is around 2/3 (~0.66).

Physical and elastic properties of the ternary zinc oxyfluorotellurite glass system
have been studied by Sidek et al. [57]. Rapid melt quenching technique was used to
synthesized a series of glasses (AlF3)x(ZnO)y(TeO2)z with x ¼ 0–19, y ¼ 0–20, and
z ¼ 80, 85, and 90 mol%. The composition dependence of the physical, mainly
density and molar volume, and elastic properties is discussed in terms of the AlF3
modifier additions that are expected to produce quite substantial changes in their
physical properties. No crystalline peaks are observed in the X-ray diffraction
(XRD) patterns of the present glass indicating the amorphous nature of prepared
materials. The addition of AlF3 modifiers into the zinc-tellurite causes substantial
changes in their density, molar volume, as well as their elastic properties. Increasing
the amount of AlF3 decreases the densities of this glass system. A MBS8020
ultrasonic data acquisition system was used to measure the propagation of longitu-
dinal and transverse waves in each glass sample. Velocity data were collected at
room temperature and a frequency value of 5 MHz. Velocity data and their respec-
tive density were then used to obtain the longitudinal modulus (L ), Young’s
modulus (E), shear modulus (G), bulk modulus (K ), and Poisson’s ratio (σ). It
was found from experimental data that the density and elastic moduli of each
AlF3-ZnO-TeO2 series strongly depend upon the glass composition.
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7.5 Spectroscopic Properties of Rare-Earth Ion-Doped
Glasses

The theory of spontaneous and stimulated emission was first reported by Einstein
[58]. However, it is just at 1961 that Snitzer [59] reported the first fiber prepared by
Nd3+ ions in solid-state flash lamp-pumped laser, which operates at 1061 and
1062 nm. In 1969, Koester and Snitzer reported on near single-Nd3+-doped fiber
laser. Kao and Hockham [60] developed the theory of propagation in core-clad fibers
and studied the structured optical fiber. Judd [61] and Ofelt [62] independently and
simultaneously formulate the theory of absorption and emission of rare earths.
Interestingly, approaches, assumptions, and results of both theories were one and
the same; however, there are some differences in definitions. Judd defines the theory
as the optical absorption, while Ofelt referred to crystal spectra of rare-earth
ions [63]. In 1972, Sandoe et al. [64] reported the first phosphate glass containing Er
3+ ions which emits at 1530–1560 nm regions. In addition, Stone and Burrus [65]
studied the 800 nm emission of Nd3+ fibers (CW laser). Mears et al. presented
the first tunable and Q-switched fiber laser, which operates in two regions:
1528–1542 and 1544–1555 nm. In 1987, Desurvier et al. [66] explored the dynamic
range of Er3+-doped fiber amplifier by model investigation. First transatlantic fiber-
optic TAT-8 cables were developed in 1990. Svendsen developed the optical
network WDM system, and he installed this system for the first time on long-haul
routes in Norway on 1997 [67].

Up to now, there are a lot of reports on photoluminescence, thermoluminescence,
and electroluminescence of rare-earth ions in different hosts, since 1976 when
Reisfeld et al. [68] reported the Judd-Ofelt intensity, radiative transition, and
non-radiative relaxation of Ho3+ in different tellurite glasses modified by BaO,
ZnO, or Na2O. Transition probability, branching ratio, radiative lifetime, quantum
efficiency, and multiphonon relaxation rates were calculated by collected
data. Weber et al. (1981) [69] measured the absorption and luminescence spectrum
of Nd3+-doped tellurite glass modified by alkali and phosphates.

7.5.1 Energy Levels of Lanthanide Ions

Energy levels of rare earth ions could be explained through the Hamiltonian operator
approach [70]:

H ¼ Hfree�ion þ H ''Crytal�field'' ð7:2Þ

where
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Hfree�ion ¼ �h2

2

XN
i¼1
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i �

XN
i¼1

Z∗e2

ri
þ
XN
i<j

e2

rij
þ
XN
i¼1

ζ rið Þ s!
i
: l
!
i
þ etc: ð7:3Þ

Here, N is the number of electrons in 4f; Z* is the effective nuclear charge, including
the inner electrons and nuclei; ζ(ri), si, and li are the spin-orbit coupling efficiency
and spin and orbit angular momentum, respectively.

The terms in the above equation define the kinetic energy, Coulomb interaction,
mutual Coulomb repulsion, and spin-orbit interaction of the 4f electrons. The last
two terms are responsible for the broadening of energy level structure of Er3+ ions in
a host, which lifts the degeneracy of the 4fN electron configuration. A non-spherical
symmetric crystal field in solids splits the energy levels of ion, which is frequently
called as “Stark splitting.”

Due to shielding by 5s and 5p electrons, the crystal field Hamiltonian is 100 times
weaker than electrostatic and spin-orbit interactions, in 4f electrons [70]. It is worth
to mention that electric dipole intra-4fN transitions are forbidden due to matching
parity of all levels; however, they became allowed as a result of mixture into the 4fN

configuration of a small amount of excited opposite parity configuration.
In the presence of magnetic field of an incoming light, and considering the ion-ion

interaction, two more terms will be added to the equation (above):

H ¼ H f�ion þ HCF þ VEM þ V ion�ion ð7:4Þ
where VEM is the Hamiltonian of interaction of light by ion, and the last term
represents the interaction of two neighboring ions. VEM is responsible for absorption
transitions, when frequency of incoming magnetic field is in resonance or near
resonance with transition between different energy levels of Er3+ ions in particular
and RE ions in general.

7.5.2 Lanthanide Ions in Different Hosts

Heavy metal oxide glasses such as tellurite and antimony are superior host than
fluoride, bromide, chalcogenide, and iodide host matrices due to their low phonon
energy, high resistance, and high refractive index which increase the radiative
emissions in rare-earth-doped glasses. The stimulated emission cross section of
RE-doped glasses is related to refractive index by

σemi / n2 þ 2ð Þ2
n

ð7:5Þ

for electric dipole transitions and
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σemi / n3 ð7:6Þ
for magnetic dipole transitions. Therefore, tellurite glasses are good candidates to
enhance the emission cross section by their large refractive index (n > 2). For
example, broad and flat stimulated emission cross section in communication band
and large amplification gain in L-band of Er3+-doped tellurite glass are introduced as
promising materials for broadband applications. The cross section of this broadband
in tellurite glass is larger than those phosphate, silicate, and fluoride glasses. The
emission cross section, lifetime, and FWHM of the broadband near 1.5 μm spectral
region of Er3+ ions in some glasses are listed in Table 7.3.

Low phonon energy characteristic is the significant property to enhance the
quantum efficiency of emissions from different RE-doped tellurite glasses. Having
about ~750 cm�1 cutoff phonon energy, tellurite glasses are able to increase the
emission cross section by decreasing the non-radiative decay rates and assisting the
energy transfer processes. These two last mechanisms are discussed in the next
sections. Phonon energy of different glassy hosts is listed in Table 7.4.

Solubility of rare-earth ions is another factor to select the suitable host matrix. The
solubility of a dopant directly depends on the strength of the structural bonding. For
instance, in silicate glass four oxygen atoms are tightly bonded to silicon atom by
strong covalent linkages. Therefore, the incorporation of rare-earth ions in silicate
glass is weak, and uniform distribution is not possible. Due to this fact, remarkable
amount of modifiers (usually alkalis) is required to break the covalent bonds, and to
form the non-bridging oxygens, and to weaken the network structure [78]. Phosphate
glasses are also based on tetrahedral structure. However, their covalency is five. The
double bond between phosphorus and oxygen increases the number of NBOs.

Table 7.3 Full width at half maximum, emission cross section, and lifetime of 1.5 μm broadband of
Er3+ ion in different hosts (AFP stands for alumina fluorophosphates)

Glass Reference
FWHM
(nm)

σe (�10�20

cm2) FWHM�σe

Lifetime
(ms)

AFP [71] 53 0.60 3.18 7.6–8.4

Silicate [71] 40 0.55 2.2 5–8

Phosphate [71] 37 0.64 2.37 6–10

Bismuth glasses [71] 79 0.70 5.54 1.6–2.7

Tellurite [71] 65 0.75 4.88 2.5–4

Zinc-tellurite (0.5–2.5%
Er2O3)

[72] 60–80 nm 1.21–0.88 – 1–2 ms

80TeO2-15(BaF2-BaO) [72] 91 0.68 2.69

75TeO2 20ZnO 5Na2O [73] 56 0.88 3.15

70TeO25BaF210ZnBr215PbF2 [74] 56 0.83 4.05

70TeO25BaF210ZnO15PbCl2 [74] 52 0.82 4.16

65TeO215B2O320SiO2 [75] 71 0.75 2.38

TeO2-PbF2-AlF3 TG01 [76] 71 – – 3.06

TeO2-PbF2-AlF3 TG1 [76] 72 0.84 2.99

TeO2-PbF2-AlF3 TG25 [76] 84 0.81 1.76
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Therefore phosphate glasses show better spectroscopic properties and emissions
than silicates when doped with REs [79]. On the other hand, tellurite glass shows
a two-dimensional system, where the Te-O linkage is significantly weaker than Si-O
bond in silicate glass. Thus, it is much easier to break the atomic network of tellurite.
Moreover, the atomic/ionic diameter of Te is larger than Si; therefore, the network is
not tightly closed. The open and weak network in tellurite glass facilitates the
incorporation of RE ions easier and more uniform than silicate and phosphate
glasses [80].

7.5.3 Lifetime and Non-radiative Decays

The lifetime of excited states of lanthanide ions is the important factor that defines
the possibility of achieving the population inversion and efficiency of pumping in
amplifiers and laser applications. Transition rate of an excited state is the inverse of
lifetime of that energy level. Transitions from a state include both radiative and
non-radiative transitions. Radiative transitions are due to absorption and emission of
a photon, while non-radiative transitions correspond to the interaction of ion with
lattice quantized network, the phonons. Therefore, total lifetime of a level can be
written as

1
τ
¼ 1

τr
þ 1
τnr

ð7:7Þ

where τ, τr, and τnr represent the total, radiative, and non-radiative lifetimes of an
excited state. Non-radiative transition rate at a certain temperature, T, is given by
[81]

Table 7.4 Non-radiative transition parameters for various host matrices [10, 77] and references
within

Glass host B (s�1) Α (cm) ħω (cm�1)

Silicate 1.4 � 1012 4.7 � 10�3 1100

Phosphate 5.4 � 1012 4.4 � 10�3 1280

Tellurite 6.3 � 1010 4.7 � 10�3 700

Borate 2.9 � 1012 3.8 � 10�3 1400

Germanate 3.4 � 1012 4.9 � 10�3 900

Fluoride 9.33 � 107 5.19 � 10�3 500–600

Sulfide 1.26 � 105 2.9 � 10�3 350

Oxyfluorophosphate – – 621

Chalcogenide – – 300–450

Antimony – – 602

Bismuth-gallate – – 673

Lead – – 1000–1300
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1
τr

� �
T

¼ Bexp �αΔEð Þ 1� exp �hω=kTð Þ½ ��n ð7:8Þ

where ΔE is the energy gap, ћω is the phonon energy, and n is the number of
phonons required to bridge the gap (ΔE/ћω). B and α are two positive phenomeno-
logical parameters, which vary on glass host. This non-radiative transition is also
known as “multiphonon relaxation” process.

Non-radiative decay rates from excited states play a significant role to choose the
suitable host for different applications. For example, multiphonon relaxation rate in
borate and phosphate glasses in 4I11/2 excited states is large which reduces the
radiative emissions and quantum efficiency of 4I13/2 excited state. On the other
hand, tellurite glass possesses low phonon energy which is favorable to enhance
the lifetime of 4I11/2 level in Er3+; therefore, the efficiency of the tellurite glass is
large enough to develop the erbium-doped fiber amplifiers (EDFA), pumping at
980 nm.

7.5.4 Rare Earth’s Ion-Ion Interactions

The main ion-ion interactions between the lanthanide ions consist of energy transfer
process, excited state absorption, up- and downconversion processes, and cross-
relaxation process. The neighboring active ions in short distances can interact with
each other in two different approaches:

• Summing up the photon energy by energy transfer (ET)
• Cooperative effects due to emission, absorption, or sensitization

The energy transfer processes are firstly defined as shown in Fig. 7.2, where
activator ion is in its ground state and sensitizer ion is in an excited state.

Auzel introduced the situations when activator ion is in an excited state, consid-
ering the exchanging of energy due to the difference between ion energy, not only

Fig. 7.2 Different energy transfer processes from a sensitizer (S) to an activator (A) in its ground
state. Resonant radiative transfer (a), resonant energy transfer (b), energy transfer assisted by
phonons (c), and example of quenching of the fluorescence of S by energy transfer to A (d)
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absolute energy [82]. He also presented and discussed different two-step absorption,
two-photon excitation, cooperative luminescence, second harmonic generation
(SHG), and cooperative sensitization, as shown in Fig. 7.3. Cooperative
upconversion (CUC) includes both cooperative sensitization and cooperative lumi-
nescence mechanisms. In high concentration of rare-earth ions, the interaction
between two electric dipole moments of ions is effected by short-distance neighbor-
ing. CUC depends greatly on pumping intensity and concentration of ions. At low
laser intensity, the CUC is not efficient. The required concentration of Er3+ ions in a
system to show a significant CUC process is larger than 1 � 10�21 cm�3

[83]. Excited state absorption or two-step absorption is shown in Fig. 7.3. An ion
in its metastable level can absorb a second photon and be excited to higher energy
levels. Normally, non-radiative decays through multiphonon relaxations will help to
populate lower metastable levels where the absorption of second or third photons
may excite the ion, gradually. The so-called “energy transfer” upconversion [82, 84]
is the general form of Dexter energy transfer [85] when the activator is in a
metastable excited state. In a Dexter ET process, two ions, or two molecules or
two parts of a molecule, mutually swap their electrons. Increased distance between
two particles results in an exponential decrease in the rate of process. This exchange
mechanism is also named as “short-range” energy transfer. In addition, the interac-
tion of activator and sensitizer should be weaker than the vibronic interaction of two
parties. The latest circumstance suggests the coupling of single-ion level to host
network. By and large, this situation is more probable in high concentration of REs
in glass or crystal, where the splitting of pairs’ level is as small as 0.5 cm�1

[86]. Besides, the transfer probability of such ET processes must be faster than
radiative and non-radiative transitions from the metastable level. Therefore, two or
three photons lead to generation of only one metastable state ion. The excited state
absorption depends strongly on the pump intensity. Cross-relaxation process is the
reverse mechanism of CUC as shown in Fig. 7.3. The transition of two electrons in
high- and low-energy levels leads to populate the middle-energy state. Second-order
cross-relaxation of excited levels is negligible due to low concentration of ions, in
this excited state.

Fig. 7.3 Schematic energy transfer mechanism for different two-photon upconversion processes.
APTE effect in YF3:Yb:Er (a), two-step absorption in SrF2:Er (b), cooperative sensitization in YF3:
Yb:Tb (c), cooperative luminescence in Yb:PO4 (d), second harmonic generation in KDP (e), and
two-photon absorption excitation in CaF2:Eu

2+ (f). The right-hand side figure shows the cooperative
upconversion and cross-relaxation process in a schematic energy level diagram of Er3+ ion
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7.5.5 Optical Fiber Amplifiers Based on Rare-Earth Ion
Doping

Telecommunication devices are one of the immense applications of optical mate-
rials, with large transparency and less signal loss. Long-haul communication systems
can transfer the optical data (or signals) up to few thousands of kilometers. However,
it is still crucial to overcome the loss of such optical fiber amplifiers. TeO2- and
GeO2-based erbium-doped fiber amplifiers (EDFAs) showed losses between 0.5 and
1.5 dB m�1 near 1300 nm [87]. However, the loss in mid-IR range is extremely high
which complicates the design of mid-IR lasers. Erbium-doped fiber amplifiers
(EDFA) are motivating materials to improve the telecommunication systems.

Figure 7.4 presents the two types of amplifiers. The pumping process from
ground state to the highest excited state followed by a non-radiative decay to the
next lower state is same for both systems. However, in a case of three-level fiber
amplifiers, the laser transition takes place from E2 excited state to ground state (E1),
while in four-level system, the ion will be relaxed non-radiatively to its ground state
after a laser emission (E2 to E1).

The incident light will be amplified by stimulated emission from stored energy in
mid-energy state. The three-level pumping system is applied in EDFA. By using a
suitable design, optical fibers with 35 nm can be developed with a flat gain over the
broadband region. WDM systems need broadband as width as 50 nm to transmit
more than 50 channels. Therefore, designs with higher gains recently attracted the
research interest by applying a two-stage approach. Wysocki et al. [88] reported a
flat gain (~0.5 dB) in the 1544–1561 nm regions through the fabrication of two
amplifiers. The EDFA co-doped with ytterbium, and phosphorous also is reported
[89] to develop a power amplifier in a fluoride host under the 1481 nm pumping
excitation wavelength. The combination of Raman amplification and one or two
EDFAs to obtain a flat gain with 65 nm bandwidth (from 1549 to 1614 nm) is also
introduced as another approach for high-gain flat broadband amplifiers [90].

Pump Laser
Emission

Pump

Laser
Emission

E3

E2

E3

E2

E1

E1

E0

Fig. 7.4 Three-level (a) and four-level (b) pumping process in a schematic fiber amplifier. Wavy
arrows show the fast relaxation of the level population by non-radiative process

158 M. Reza Dousti and R. J. Amjad



7.5.6 Rate Equations

A rate equation system models the optical and electrical performance of a lasing
device. Therefore, a set of ordinary differential equations relates the density or
number of charge carriers (or ions) to the photons. In 2002, Santos et al. [91]
reported the infrared to visible upconversion in Pr3+-Yb3+and Er3+-Yb3+-co-doped
tellurite glasses. By generating the intense green and red fluorescence emission
through the excitation, and investigation on the temperature dependence of
upconversion efficiency, they consider a three-level system to explain the lumines-
cence processes in their samples. By an analytical solution of the rate equations
derived from Santos model, light intensity emitted from the 3P0 was deduced.
Afterward, Nie et al. [92] by developing a five-level model for transitions in Tm3+

-Yb3+-co-doped tellurite glass and extracting the rate equations, a numerical solution
has been done to determine the population of excited and ground states. Although
most of the parameters applied in the rate equation were obtained by direct exper-
imental data, energy transfer coefficients have been evaluated through a best-fit
procedure.

Another three-level model is also reported by Shen et al. [93] to study the
temperature quenching of upconversion luminescence in erbium-doped tellurite
glass under 970 nm excitation. Three intense upconversion emissions around
530, 545, and 657 were observed. By increasing the temperature, the intensity of
green emission around 530 nm (2H11/2) increases continuously, while the emission
around 545 nm (4S3/2) increases from 20 to 80 K and then shows a quenching
behavior after its largest value around 80 K. The temperature dependent of intensity
was analyzed through a simple three-level system, and the temperature dependence
on the multiphonon relaxation rates was fitted with four-phonon process. In another
work, Cherif et al. [94] developed a four-level model to explain the red upconversion
in Er3+-doped TeO2-ZnO glasses under 980 nm. By considering the rate equations of
growth and decay in the populations of 4I15/2,

4I13/2,
4I11/2, and

4F9/2 levels, and
simplifying presented model, the ground-state absorption probability (GSA), excited
state absorption (ESA) probabilities, energy transfer upconversion coefficients
(ETU), branching ratio of the transitions, and cross-relaxation rates were measured
by fitting and calculation of Judd-Ofelt theory parameters.

7.6 Recent Research on Rare-Earth-Doped Tellurite
and Fluorotellurite Glasses

7.6.1 Er3+-Doped Glasses

Er3+ singly doped, Er3+/Yb3+-co-doped glasses, and Er3+-doped glasses have been
studied extensively. The major interest lies on the upconversion emissions of Er3+

ions in the green spectral region (520–560 nm), and a broad near-infrared band at
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around 1530 nm. Zinc-tellurite glasses are one of the most studied examples. Optical
absorption and photoluminescence properties of Er3+-doped 70TeO2-30ZnO and
80TeO2-20ZnO glasses are investigated by Jaba et al. [95] and Dousti et al. [72],
respectively. An infrared to visible upconversion is usually observed at room
temperature in tellurite glass system using a 797 nm excitation line or 980 nm
laser source. A study of the 4S3/2 ! 4I15/2 transition (554 nm) versus power
excitation provides evidence for a two-step upconversion process under theses
excitations (see Fig. 7.5). Moreover, a red emission (663 nm) originating from the
4F9/2 ! 4I15/2 transition is usually observed. It is shown that the efficiency of the red
upconversion line is enhanced considerably with the Er3+ concentration relative to
the green emission (554 nm). This behavior could be explained in terms of an energy
transfer between excited ions. The temperature-dependent upconversion intensity
has been investigated in the temperature range 40–310 K [95]. It was found that the
thermal quenching of the green emission (4S3/2 ! 4I15/2) is large enough compared
with those of the red transition (4F9/2 ! 4I15/2). Jaba et al. has proposed an additional
decay rate probably due to a non-radiative energy transfer and/or a charge transfer
through trapping impurities to explain the observed phenomenon, and a good
agreement has been achieved between measured and computed data.

Dousti et al. [72] revisited Er3+-doped zinc-tellurite glasses prepared by the melt
quenching technique, and they found some favorable effects of increasing dopant
concentration on chemical durability, water resistivity, and thermal stability (up to
140 �C). The conventional photophysical properties of the glasses were investigated
by absorption and luminescence spectroscopic techniques. The Stokes and anti-
Stokes emissions of erbium were analyzed, and it was verified that the width of
the emission band at 1532 nm strongly depends on Er3+ concentration varying from
60 to 82 nm for 0.5 and 2.5 mol% of Er2O3, respectively, as listed in Table 7.3. The
intensity of green and red upconversion emissions was evaluated, and the increased
efficiency of red emission with increasing concentration is attributed to energy
transfer mechanisms between infrared energy levels.

Fig. 7.5 Intensity of the
upconverted green emission
from Er3+ versus power
excitation for a 0.4 at.% Er3+

in 70TeO2-30ZnO glass
using a 797 nm excitation.
Measurements were
performed at 300 K. (Taken
from [95])
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Er3+-doped oxyfluorotellurite glasses have also attracted a large attention as the
presence of fluorine ions has improved the optical properties of RE ions. For
example, time-resolved and steady-state spectroscopies were used to study Er3+

ions in a novel glass based on TeO2-PbF2-AlF3 oxyfluoride tellurites. The broad 4

I13/2 ! 4I15/2 emission transition at around 1.53 mm had a wide broadening of
around 70 nm and a relative long lifetime of around 3 ms compared to other glass
hosts, which shows potential applications of this glass in the design of erbium-doped
fiber amplifiers. The stimulated emission, gain cross-sections, and absorption of this
transition are given in Table 7.3. The lifetime of the tellurite glasses is less than those
phosphate and silicate glasses, while FWHM of the Er3+ ion broadband in tellurite
glasses is larger than those silicate and phosphate. While adding some fluorine ions
to tellurite oxide glasses increase the lifetime of the 4I13/2 excited state. The lifetime
of the NIR broadband of some tellurite glasses is given in Table 7.3. It can be
concluded that the FWHM of this band strongly depends on the glass host choice as
well as other parameters such as concentration of ions, thickness of the sample, and
the intensity of the excitation beam [96].

The upconverted near-infrared emissions of Er3+-doped fluorotellurite transparent
glass ceramics obtained by thermal treatment of the precursor Er-doped TeO2-ZnO-
ZnF2 glass are also reported by Miguel et al. [97]. ErF3 nanocrystals with an average
size of 45 � 10 nm were homogeneously nucleated in the glass-ceramic samples.
The comparison of the fluorescence properties of Er3+-doped precursor glass and
glass-ceramic confirms the successful incorporation of the rare earth into the
nanocrystals. An enhancement of the red upconversion emission is observed under
excitation at 801 nm in the glass-ceramic sample. The enhancement of the red
emission is attributed to the energy transfer processes, analyzing the temporal
evolution of the red emission together with the excitation upconversion spectrum.

Er3+-doped oxyfluorotellurite glasses with a molar composition of (60-x)TeO2-
20ZnO-20LiF-xEr2O3, where x ¼ 0.1, 1.0, 2.0, and 3.0 (referred as TZLFEr), were
prepared by melt quenching technique by Babu et al. [42]. The ΔT (ΔT ¼ Tx � Tg)
values for the present glasses are increased with concentration up to 2.0 mol% and
then decrease marginally for 3.0 mol% Er3+-doped glass. The increase of ΔT mostly
resulted from the increase of Tx. This suggests that the thermal stability of the glass
becomes higher up to 2.0 mol% of Er3+ concentration. The calculated Judd-Ofelt
intensity parameters have been used to determine radiative properties for the impor-
tant luminescent levels of Er3+ ions in 1.0 mol% Er3+-doped TZLFEr glass, to study
the radiative properties for the important luminescent levels of Er3+ions’ calculated
Judd-Ofelt intensity parameters. The strength of covalent bonding between Er-O
and/or asymmetry of Er3+ sites can be assessed by the greater Ω2 and lesser Ω6 JO
parameters of the present glass. Enhanced spectroscopic quality factor shows that
major transitions of Er3+ ions in this host are most likely to be considerably stronger.
Under normal excitation, TZLFEr glasses radiate strong green and weak red lumi-
nescence with 451 nm. Concentration quenching by energy transfer processes
between Er3+ ions results in the continuous decrease in emission intensities and
lifetimes of the 4S3/2 level. Different parameters of the 4S3/2 and 4I13/2 levels like
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stimulated emission cross section and quantum efficiencies have been measured and
compared with already reported results.

Optical properties of Er3+ ions are investigated using steady-state and time-
resolved spectroscopies as a function of rare-earth-doped concentration, in a novel
oxyfluoride tellurite-based glass (TeO2-PbF2-AlF3) [68]. After basic optical charac-
terizations, different parameters like absorption and emission spectra, cross-sections,
Judd-Ofelt parameters, the radiative probabilities, and fluorescence decays
and lifetimes were determined. Particular attention has been paid toward the broad
4I13/2–

4I15/2 transition at around 1.53 μm, having bandwidth of around 70 nm and a
relatively longer life of ~3 ms as compared to other host glasses. This shows its
potential applications in designing erbium-doped fiber amplifiers. The absorption,
stimulated emission, and the gain cross sections of this transition have been obtained
and evaluated in comparison with different hosts. At last, infrared-to-visible
upconversion processes taking place at ~800 nm have been investigated, and
different processes involved in energy conversions have been propounded.

Using standard experimental and theoretical techniques, spectroscopic investiga-
tions on Er3+/Yb3+-co-doped (Ba-La)-fluorotellurite glass compositions have been
performed [90]. Quantitative study of absorption and emission spectra as well as
emission lifetimes at room temperature yields various significant spectroscopic
parameters like radiative decay rates, emission/absorption cross sections, and fluo-
rescence branching ratios. Furthermore, internal radiative quantum yields have been
evaluated for infrared at 1571 nm and at 547 nm for the upconversion emission.
Quantitative estimation of impact of several non-radiative properties such as con-
centration quenching, quenching by hydroxyl radicals, and multiphonon relaxation
has been carried out and correlated with the observed spectral properties. Compar-
ison with other glasses and different tellurite compositions revealed that current glass
could be used as a potential candidate for broadband amplifiers.

Study in [98] reported triply doped low phonon glass systems and their enhanced
MIR emission bandwidth from Yb3+/Er3+/Dy3+. NIR emission band can be
increased from ~2600 to 3100 nm (~ 500 nm) with significant gain cross section.
This band broadening is practically not possible to obtain from Er3+ or Dy3+ ions,
i.e., single-doped glass systems. Co-doped Dy3+ ion not only helps in quenching the
undesired visible upconverted emissions from Er3+ ions, but it also diminishes the
prominent ~1.5 μm emission. Upon efficient energy transfer (ET) Yb3+ ! Er3+

! Dy3+ at ~980 nm excitation, a broad NIR emission was obtained on superimpo-
sition of Er3+ (~ 2.76 μm) and Dy3+ (~ 2.95 μm) emissions. Present glasses could be
a potential candidate for developing compact and tunable NIR solid-state fiber laser
sources.

The temperature-dependent luminescence for various concentration of Er3+ ions
in fluorotellurite glass was studied [99] in the 100–573 K range. Such studies open
the window for interesting application of glasses as optical temperature sensors, as
discussed in Chap. 8 of this book. Under commercial CW 488 nm laser excitation,
the temperature-induced changes in the Er3+ green emissions were calibrated by
doping the fluorotellurite glasses with three concentrations (0.01, 0.1, and 2.5 mol%
of Er3+ ions). It is shown that concentration of Er3+ ions plays a role on the
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defined intensities, quantum efficiencies, line profiles, and fluorescence intensity
ratio of the 2H11/2- and

4S3/2-thermalized green emitting levels, due to the existence
of radiative and non-radiative energy transfer processes between Er3+ ions. The
maximum value for thermal sensitivity was obtained for the fluorotellurite glass
doped with the lowest concentration of Er3+ ions, 79 � 10�4 K�1 at 541 K, one of
the highest values found in the literature, consistent with the theoretical thermal
sensitivity analysis by Judd-Ofelt theory. It is concluded that the optical sensing
calibrated based on Er3+ ions is strongly affected by radiative energy transfer
processes, suggesting the utilization of a relatively low concentration of Er3+ ions
to avoid the mentioned energy transfer processes. Similar studies have been also
carried in other works under a CW laser diode excitation at 800 nm. The fluores-
cence intensity ratio between the thermally coupled emitting levels as well as the
temperature sensitivity has been experimentally obtained up to 540 K. A maximum
sensitivity of 54 � 10�4 K�1 at 540 K is reported for the less Er3+ concentrated
glass [100].

Many efforts have been done to enhance the intensity and gain of major emissions
of rare-earth ions. First, it was reported that increment of concentration of REs in the
system could intensify the up- and or downconversion luminescence. However, a
quench is observed often, after the introduction of 1–2 mol% of the emitting ions.
This happens due to further energy transfer among the RE ions, which results to
increase the lifetime. Another approach was demonstrated to increase the absorption
cross section of REs by introduction of second dopant, commonly trivalent Yb. The
trivalent ytterbium ion shows large absorption cross section; therefore, the large
concentration of Yb3+ in vicinity of Er3+ provides larger absorption and emission
gain, through energy transfer from {2F5/2: Yb

3+} to {4F7/2:
4F9/2:Er

3+} [101]. On the
other hand, enormous studies are focused on glasses doped with RE ions and
metallic nanoparticles (NPs). The major objectives of these investigations are to
characterize the thermal, structural, and optical properties of RE-doped glasses with
and without metallic NPs and to examine the influence of nanoparticles in optical
properties of such glasses. The introduction of metallic nanoparticles into the glassy
hosts was first reported by Malta et al. [102]. A large enhancement of the order of 5.6
for luminescence of Eu3+ in borate glass (emission at 612 nm under 312 nm
excitation wavelength) has been shown due to the presence of silver particles by a
concentration around 7.5 wt%. The absorption peak of small silver particles in their
study showed a sharp peak at 312 nm. In 2002, Strohhofer et al. [103] reported on the
enhanced emission of Er3+ in a borosilicate glass by an ion-exchange process. They
observed 70 and 220 times enhancements in broadband line under 488 and 360 nm
excitation wavelength.

Recently, many efforts have been done to improve the luminesce properties of
rare-earth ions in tellurite glasses. For example, Rivera et al. [104] showed that by
exciting the Er3+ ions doped in tellurite glass containing silver NPs upon 980 nm
laser, a blue shift occurs in the peaks of broadband emission (~1.55 μm). The
modification of Stark energy levels (blue shift) was attributed to oscillator strengths
of NPs, which results in the energy transfer from NP to Er3+ ions. The small plasmon
absorption peak was revealed in an Er3+-free Ag NP-doped tellurite glass centered at
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479 and 498 nm for 3 and 6 h annealed samples, respectively. Slight increase in
FWHM and intensity of broadband were observed by increasing the annealing time
interval. The lifetime of 1.55 μm decreases by introduction of Ag NPs in their system
comparing to Er3+ single-doped tellurite glass. Many authors have studied the effect
of silver or gold NPs on the emissions of RE-doped tellurite glasses [105–115].

The effect of silver NPs on the optical and structural properties of Er3+-doped
zinc-tellurite glass is investigated by Dousti et al. [98, 116, 117]. The absorption
bands are located at 445, 488, 522, 654, 800, 976, and 1526 nm and ascribed to the
electric transitions from the 4I15/2 ground state of Er

3+ to its excited states 4F3/2/
4F5/2,

4F7/2,
2H11/2,

4F9/2,
4I9/2,

4I11/2, and
4I13/2, respectively. The introduction of Ag NPs

enhanced the upconversion emissions of green and red bands centered at 520, 550,
and 640 nm by 4–6 times. The enhancement is attributed to the presence of silver
NPs with an average size ~ 10 nm and with SPR localized at 522 nm. The effect of
heat treatment is also reported by same authors [98, 117, 118], where it was shown
that further annealing above the glass transition temperature improves the optical
properties of Ag-embedded Er3+-tellurite glasses. By introduction of 0.5 mol% of
Ag NPs with an average size of 12 nm, 3.5-fold enhancement was observed for green
emission (2H11/2 ! 4I15/2) due to formation and growth of NPs by 8 h annealing
[98]. The SPR for 2 h annealing time is also reported. Two peaks in UV-Vis-IR
spectra were attributed to SPR, centered at 550 and 580 nm. For 8 h annealing,
however, they observed three SPR peaks which are ascribed to different modes of
oscillating particles. In the case of 1 mol% of Ag NPs in the same glassy system, UC
emissions were enhanced up to 6.5-folds after 4 h annealing above the Tg. The
average size of manipulated Ag NPs was 14 nm, with two SPR bands at 560 and
594 nm due to non-spherical NPs.

Dousti et al. [117] also observed same behavior of Ag NPs in tellurite glass, while
broad emission band centered at 500 nm originated due to 786 nm excitation
wavelength. SPR band of the Ag NPs in this glass is reported around 564 and
594 nm. Besides the investigations on the effect of metallic NPs on the optical
properties of RE-doped glasses, one may also study the effect of noble nanometal on
the structural and thermal properties of the glassy systems, or even glass-ceramics
and crystals. Recently, Dousti et al. [116] reported the effect of Ag NPs synthesized
by AgCl addition in Er3+-doped zinc-tellurite glass, on the structural, band gap
properties and thermal properties of this common glass sample. As listed in
Table 5.3, the addition of AgCl decreases the density of tellurite samples and
increases the molar volume and refractive index. Moreover, a decrease in both direct
and indirect band gaps was determined by increasing the Ag NPs concentration,
while Urbach energy varies erratically (Table 7.5).

The thermal properties of the tellurite glass also are changed due to participation
of Ag NPs. Onset and peak of glass transition temperature, onset and peaks of
crystallization, and melting temperature are alerted as reported by Dousti et al.
[116]. The DTA characteristics of Er3+-doped zinc-tellurite glass without and with
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different concentration of Ag NPs are shown in Fig. 5.2 and listed in Table 7.6. The
glass transition temperature is decreased by introduction of Ag NPs due to the
decrement in the rigidity of glass network. The crystallization peaks in zinc-tellurite
glass that refers to ZnTeO3 and Zn2Te3O8 phases [119] are suppressed and sharp-
ened, respectively, because of new heterogeneous nucleation sites by Ag NPs in the
host [120]. The formation of latest environment prevents the crystallization process
by declining the rate of diffusion. Two different factors, ΔT ¼ Tc � Tg and Hruby
parameter, were used to estimate the glass thermal stability. The results are summa-
rized in Table 5.4 which indicates the enhanced stability is provided by addition of
Ag NPs up to 1 mol%. Fragility of the glasses can be estimated taking into account
by determining the difference between onset glass transition temperature Tg and the
temperature in which the transition completes (Figs. 7.6 and 7.7).

Oxyfluorotellurite glasses co-doped with Er3+/Yb3+ and containing silver species
and nanoparticles (NPs) were prepared using the conventional melt quenching
technique [72]. The X-ray diffraction patterns obtained in this work do not reveal

Table 7.6 Thermal properties of prepare samples (Tg, Tc, and Tm are assigned for transition,
crystallization, and melting temperatures, respectively)

Glass Tg (�C) Tc1 (�C) Tc2 (�C) Tm (�C) Tc � Tg (�C) H

TZE 324 421 452 607 97 0.52

TZEA 322 430 447 610 108 0.60

TZEA1 321 436 – 607 115 0.67

TZEA2 320 392 419 594 72 0.36

TZEA3 320 399 417 595 79 0.40
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Fig. 7.6 DTA curves of tellurite glasses with and without silver NPs [116]
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any crystalline phase in the glass. Heat treatment at 290 �C, for about 6 h, of an Er3+/
Yb3+ co-doped oxyfluorotellurite glass containing 1.0 mol% AgNO3 yielded well-
dispersed, nearly spherical Ag NPs, as verified by transmission electron microscopy.
The observed surface plasmon resonance (SPR) band was observed around 490 nm
for heat-treated glasses containing only silver. Upon off resonance (375 nm) and in
resonance (486 nm) excitation of SPR band, the intense visible (520, 540, and
650 nm) and NIR (0.98 and 1.53 μm) downconversion emission bands were
observed and further enhanced with the increase of Ag concentration and heat-
treatment duration up to 6 h. An intensity drop was observed by further heat
treatment (up to 9 h). In addition, enhancement of upconversion emissions, in the
green and red, as a function of Ag concentration and heat-treatment time, has also
been verified. The intensity was found to be enhanced by increasing the Ag
concentration and heat-treatment time up to 3 h. However, further increase in the
heat-treatment time duration (up to 9 h) resulted in reduced intensities. Enhancement
in the luminescence intensity was discussed in terms of the SPR, whereas the
quenching was attributed to the intense absorption of photons, emitted from RE
ions, by larger Ag NPs.

7.6.2 Nd3+-Doped

Neodymium/erbium ions co-doped in the system of zinc-tellurite with the composi-
tion of (70-2x)TeO2-30ZnCl2-xNd2O3-xEr2O3 concentration from 1.0 to 3.0 mol%
(x ¼ 1, 2, and 3) glasses were prepared by using conventional melt quenching
technique [121]. The amorphous nature of the glass was confirmed from X-ray
diffraction technique. The UV absorption spectra recorded several bands and the
values of the optical band gaps found around 3 eV, while the Urbach energy values
are between 0.27 and 1.01 eV. The optical energy gap for indirect transition and

Fig. 7.7 (Left) NIR emission spectra as a function of Er3+concentration (0.1, 1, and 2.5%) exciting
at 488 nm. (Right) Decay curves of the green transition as a function of Er3+ concentration. The
inset figure shows the calculated average lifetimes. (Results are taken from [76] for the TeO2-PbF2-
AlF3 oxyfluoride tellurite glasses at room temperature)
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Urbach energy had minimum value for Nd3+/Er3+ at 1% mol. The varying concen-
tration of Nd3+ and Er3+ ions found to have a strong effect on optical and structural
properties of the glass.

In this work Miguel et al. [122] present, for the first time to our knowledge, laser
emission under wavelength-selective laser-pulsed pumping in Nd3+-doped TeO2-
ZnO-ZnF2 bulk glass for two different Nd3+ concentrations. The fluorescence
properties of Nd3+ ions in this matrix which include Judd-Ofelt calculation, stimu-
lated emission cross section of the laser transition, and lifetimes are also presented.
The site-selective emission and excitation spectra along the 4I9/2 ! 4 F3/2 absorption
band show the inhomogeneous behavior of the crystal field felt by Nd3+ ions in this
fluorotellurite glass which allows for spectral tuning of the laser output pulse as a
function of the pumping wavelength. The emission cross section obtained from the
Judd-Ofelt analysis and spectral data (4.9 � 10�20 cm2) is in fairly good agreement
with the value obtained from the analysis of the laser threshold data (4� 10�20 cm2).

In another work, Miguel et al. [122] presented TeO2-ZnO-ZnF2 bulk glass
for two different Nd3+ concentrations in laser-pulsed pumping in Nd. The site-
selective steady-state emission spectra of the laser transitions were obtained at low
temperatures for different excitation wavelengths along the low-energy component
of the 4F3/2 level. The room temperature properties of Nd3+ were checked too. The
Nd3+ ion was doped as NdF3 by the ratio of 1% by weight. Refractive index was
2.604, λp (nm) was 1059, Δλeff was 25 nm, σp was 4.9 � 10�20 cm2, τR was 145 μs,
and τexp was 128 μs. As can be seen in Fig. 7.8, the shape, crest position, and
linewidth of the discharge band change with the excitation wavelength. The spectra
obtained under excitation at the low-energy side of the 4I9/2 ! 4F3/2 absorption band
narrow and red shift. The wavelength of the fluorescence peak shifts from 1055 to
1064 nm by varying the excitation wavelength from 870.5 to 881 nm, whereas the
effective linewidth is reduced from about 24 to 13 nm. Similar variations in
fluorescence profile, peak position, and linewidth have been observed in phosphate

Fig. 7.8 Steady-state
emission spectra of the
4F3/2 ! 4I11/2 transition for
different excitation
wavelengths along the low
Stark component of the 4F3/2
level for the sample doped
with 1 wt% of NdF3. Data
correspond to 10 K. (Ref.
[122])
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glasses. These results show the inhomogeneous behavior of the crystal field felt by
Nd3+ ions in this fluorotellurite glass. As can be seen in Fig. 7.8, only when we excite
at the high-energy side of the absorption band it is possible to cover the full spectral
range of the Nd3+ emission which is probably helped by vibronic transitions. This
inhomogeneous behavior is related to the effect of the pumping wavelength on the
spectral behavior of the laser emission.

The effect of silver nanoparticles (NPs) on the optical properties of Nd3+-doped
sodium-lead-tellurite glass has been also studied [123]. The average size of silver
NPs increases from 7 to 18 nm by addition of AgNO3 content. The surface plasmon
resonance band of the silver NPs was recorded at 522 nm for 0.5 mol% AgNO3.
Large upconversion enhancements (10–16-folds) were attributed to the enlarged
local field in vicinity of silver NPs. Feasible interactions between the excitation light
and Nd3+/Ag NP-co-doped tellurite glass are discussed. Similar results were reported
by various authors.

7.6.3 Pr3+-Doped

Different characteristics of Pr3+-doped tellurite glasses, such as optical absorption,
luminescence, and upconversion, have been brought under investigation, and their
corresponding optical properties have been presented in Ref. [1]. In upconversion
process, the first NIR photon is absorbed in order to populate 1G4 level with the help
of phononic excitations. After excitation, Pr3+ ion captivates another NIR photon,
transferring upward to 3PJ levels, that emits fluorescence from 3P2,1,0 and

1D2 to the
ground (3H4) and other lower excited states. Several transitions are observed in
upconverted luminescence including 3P2 ! 3H4 which usually lacks in one photon
process. Doping concentration of Pr3+ ions does not significantly contribute to
upconversion luminescence, which confirms that most probable channel for
upconversion is ESA. Studies also revealed temperature dependence of
upconversion luminescence. For 0.5 mol% Pr3+ ion concentration in tellurite glasses,
luminescence quantum efficiency and upconversion efficiency are found to be
~3.3% and ~1.7%, respectively, for 3P0 ! 3F2 transition. Moreover, Kassab et al.
[115] reported that the luminescence characteristics of Pr3+ in lead-tellurite glass
enhance due to the presence of silver NPs with average size around 3.5 nm, by
annealing at 350 �C for 7 h. Rai and Kassab have also studied the Stokes emission
and the effect of silver NPs on the luminescence of Pr3+ ions in different glass
compositions [114].

Work of Rajesh et al. [124] has been quantified in the new Pr3+/Yb3+-co-doped
transparent oxyfluorotellurite glasses with chemical composition TeO2-ZnO-YF3-
NaF-0.5Pr2O3-xYb2O3 (x ¼ 0.25, 0.5, 0.75, and 1.0.) mol%. Pr3+-Yb3+-co-doped
samples showed emission in the visible (Pr3+: 3P0 ! 3F2 transition, 640 nm) and in
the infrared (Yb3+: 2F5/2 ! 2F7/2,980 nm) spectral regions when it was excited at
440 nm during the downconversion process. The luminescence decay time of the
emitting levels was obtained in co-doped samples as a function of Yb3+
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concentration, and the results confirmed the occurrence of energy transfer from Pr3+

to Yb3+ via a combination of two different cross-relaxation processes: (1) Pr3+: 1D2

! 3F4 to Yb3+: 2F7/2 ! 2F5/2 and (2) Pr3+: 3P0 ! 1G4 to Yb3+: 2F7/2 ! 2F5/2.
Furthermore, due to the reverse-energy transfer mechanism from Yb3+:2F5/2 level to
Pr3+:1G4 level, the intensity at 980 nm for Yb3+ concentrations higher than 0.5 mol%
is quenched. The energy transfer efficiency was assessed from the intensity ratios
and rot times related to the 3P0 ! 3F2 progress, and it achieved 66% for a glass
co-doped with 0.5 mol% of Pr3+ and 1.0mo% of Yb3+. The outcomes show that these
glasses are potential contender for control of the solar spectrum, through
upconversion and downconversion forms, with a specific end goal to increase the
absorption efficiency of right now utilized c-Si photovoltaic solar cells.

The photoluminescence emission spectra for TZYN/Pr and Pr3+-Yb3+-co-doped
glasses as a function of Yb3+ concentration in the visible region upon excitation at
440 nm are demonstrated in Fig. 7.9. It is evident that for different Yb3+ concentra-
tions, the spectra of line shapes and wavelengths are almost identical when Pr3+

transition assignment is near the bands. It shows excitation by non-radiative decay
from the upper excited levels due to the energy gaps between 3P0 and

1D2 levels, so
red luminescence was also observed. The separately doped glasses with Pr3+ show
high emission band intensity when compared to co-doped glasses. The Yb3+ con-
centration has a negative effect on the emission intensity of Pr3+ bands, which
indicated energy transfer from Pr3+ to Yb3+.

The NIR emission spectra of all samples with same excitation (440 nm) can be
observed in Fig. 7.9. 3P0 ! 1G4,

1D2 ! 3F3,4 and 1D2!1G4 transitions in Pr3+

singly doped samples showed spectrum bands at 940, 1048, and 1480 nm, respec-
tively. 2F5/2 ! 2F7/2 transition of Yb3+ ion was shown when Yb3+ was added
indicated by an additional band in the range of 950–1100 nm. A decrease in the
intensity of emissions by Pr3+ (band at 940 nm) was also observed upon increasing
the Yb3+concentrations which was also observed in the visible spectra. The Yb3+

Fig. 7.9 (Left) Visible emission spectra for Pr3+ and Pr3+-Yb3+-co-doped glass samples as a
function of Yb3+ concentration and upon excitation at 440 nm and (right) near-infrared emission
spectra for Pr3+ singly doped and Pr3+-Yb3+-co-doped samples as a function of Yb3+ concentration.
(Ref. [124, 125])
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emission band intensity was observed at 977 nm. These results also confirm the
hypothesis of energy transfer from Pr3+ to Yb3+. Two processes have been proposed
for this energy transfer.

1. Cross-relaxation Pr3+: 1D2! 3F4;Yb
3+: 2F7/2! 2F5/2 followed by the emission of

one photon by Yb3+: 2F5/2 ! 2F7/2
2. Cross-relaxation Pr3+: 3P0 ! 1G4;Yb

3+: 2F7/2 ! 2F5/2 resulting in one photon
emitted by Yb3+: 2F5/2 ! 2F7/2

The back-energy transfer process from Yb3+:2F5/2 level to Pr3+: 1G4 level is the
reason of the decrease in the emission intensity upon the increase in Yb3+ concen-
tration. The emission intensity of transition from 1D2 to 1G4 also decreases with
increase of Yb3+ concentration which is also due to the Pr3+ to Yb3+ energy transfer
which was explained in the above two points. The transition of 1D2 to

1G4 which is
also ion-ion energy transfer adds a new band at 1340 nm, and transition of 1G4 to

1H5

in Pr3+ also increased by increase in Yb3+ concentration due to the increase in
concomitant population of 1G4.

AgNO3 containing TeO2-ZnO-YF3-NaF glasses doped with Pr2O3 was synthe-
sized for the first time in a single-step melt quenching technique [125]. Silver
nanoparticles were grown at different intervals of time for up to 10 h by putting
glasses under controlled heat treatment at a temperature under the glass transition
temperature, which was at 300 �C. TEM was used for the indication of silver
nanoparticles, and images showed the presence of Ag NP of 1046 nm diameter.
The surface plasmon resonance band (SPR) of the NPs in Pr3+-free glasses also
resulted in the formation of absorption band which peaked at 492 nm. The charac-
terization of the effects of nanoparticles on the emission properties of Pr3+ was done
by multiple techniques such as Vis and near-infrared fluorescence techniques in
steady-state and time-dependent fluorescence and UV-Vis absorbance. The samples
excited off resonance (440 and 470 nm) and in resonance (480 nm) with the SPR
band showed increase of Pr3+ Stokes luminescence on raising the nanoparticle
concentration. The Pr3+:3P0 level showed increase in lifetime value of excited state
when any Ag species or NP was present. This indicates an energy transfer from Ag to
Pr3+ ions, which increases the enhancement of luminescence intensity which is also
attributed to the possible local field effect of the NPs. These glasses have desirable
properties for use in the photonic device applications.

The NIR emission at 1.23 μm from Er3+∕Pr3+ was identified for the investigation
of the understudied regions of 1.2 μm [126]. Er3+∕Pr3+ co-doped with water-free
fluorotellurite glass having a chemical composition of 60TeO2-30ZnF2-10NaF
(TZNF60, mol. %) was used for this study. The directly measured lifetime (τf) at
1.23 μm in Er/Pr-co-doped fluorotellurite glasses was about 111.2 μs when pumping
was done at 488 nm using optical parametric oscillator (OPO) laser system. The
measured lifetime was longer than Er-doped fluorotellurite glass (80.1 μs).When
appropriate Pr3+ ions were added, then the stimulated emission cross section (σem)
and quantum efficiency (η) for Er3+:4S3∕2 ! 4I11∕2 transition were significantly
increased. The increase can be attributed to the low phonon energy and lack of
hydroxyl group, which resulted due to the inclusion of high concentration of
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fluorides into oxide-based host glasses. Er3+/Pr3+-co-doped TZNF60 glass is con-
sidered a potential and promising material application in optical amplification and
laser operation at comparatively unexplored 1.2 μm region due to high quantum
efficiency (56.2%) and a large stimulated cross section (4.03 � 10�21 cm2).

7.6.4 Sm3+-Doped

Using melt quenching method, glasses with chemical composition of x ¼ 0-1.5 mol
% in (80-x)TeO2–20ZnO–xSm2O3 were prepared [127]. For observing the structural
modification of units of trigonal bipyramid, FTIR spectroscopy has been used.
Transition peaks of glass shift, crystallization, and melting temperature can be
seen properly in DTA traces. Samples made by this doping are made in such a
way that they are stable as compared to the desired Hruby parameters and superior
glass-forming ability. The edge of UV-Vis-NIR spectra was used for the measure-
ment of direct band gap (2.75–3.18) eV, indirect band gap (3.22–3.40) eV, and
Urbach energy (0.20–0.31) eV. An increase of 0.02 point in the refractive index
was observed which was attributed to the generation of non-bridging oxygen atoms
by the transition of TeO4 into TeO3 units. UV-Vis-NIR absorption spectra give
peaks at 9 centered positions 470, 548, 947, 1085, 1238, 1385, 1492, 1550,
and 1589 nm which result in transitions at 6H5/2 ! 4I11/2,

4G5/2,
6F11/2,

6F9/2,
6F7/2,

6F5/2,
6F3/2,

6H15/2, and
6F1/2, respectively. On the other hand, a decrease of 0.06

points in refractive index was also observed which was explained by lower
ionic radii (1.079 Å) of Sm3+. PL spectra under the excitation of 452 nm display
4 emission bands centered at 563, 600, 644, and 705 nm equivalent to 4G5/2! 6H5/2,
6H7/2,

6H9/2, and
6H11/2 transitions of samarium ions. These properties make the

sample excellent candidate for novel applications. With increase up to 1.2 mol of Sm
3+, the emission intensity is found to be increasing, and after further increases the
emission intensity showed concentration quenching. Higher energy transfer among
Sm3+ ions is ascribed to the decrease interionic separation, which was a result of
increase in Sm3+ concentration and concentration quenching.

Physical and spectroscopic properties of Er3+, Sm3+, and Er3+:Sm3+ ion-co-doped
barium fluorotellurite (BFT) glasses are also studied elsewhere [128]. The laser
excitations at 532 nm and 976 nm were used for the observance of different Stokes
and anti-Stokes emissions. Luminescence intensity variation and decay curve anal-
ysis confirmed the energy transfer from Er3+ ion to Sm3+ ion in both results. In
Er/Sm-co-doped samples, the emission intensity of Sm3+ bands was increased when
excited with green light of 532 nm; in contrast upon NIR excitation at wavelength of
976 nm, new emissions bands of Sm3+ were observed.

The study of spectroscopic properties Sm3+, Tb3+-doped, and Tb3+:Sm3+-co-
doped lead-fluorotellurite glasses has been done vigorously over the years
[129]. The excitation of singly and doubly doped by laser at wavelengths of
355 and 532 nm has been done to study the luminescence properties. The presence
of Tb3+ ions significantly increases the intensity of Sm3+ emission bands which is
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attributed to the energy transfer from Tb3+ to Sm3+ ions. The efficient energy transfer
from Tb3+ to Sm3+ ions has also been confirmed by calculation of different energy
transfer parameters.

7.7 Summary

In this study, various characteristics of tellurite glass without and containing fluoride
and rare-earth ions with and without metallic nanoparticles have been determined.
Based on the results, some conclusions can be drawn which are summarized below.

The knowledge of the glass and glass-ceramic technology is growing rapidly
through the years. Such an increase in the interest on these materials is due to their
potential applicability and easy-preparation method as low cost.

Tellurite and oxyfluorotellurite glasses show good optical properties, such as
high-transparency window and relatively higher refractive index than other tradi-
tional glasses, such as silica and phosphate glasses. Moreover, the low phonon
energy characteristics of these glasses facilitate the upconversion process and
increase the quantum efficiency of the emitting levels of rare-earth ions, thanks to
a drastic decrease in the rate of non-radiative relaxations.

Tellurite and oxyfluorotellurite glasses present good thermal stability and chem-
ical durability. Moreover, the rare-earth solubility in tellurite glasses is comparable
to those oxyfluorotellurite glasses and higher than the traditionally used silica
glasses.

Adding fluoride to prepare fluorotellurite glasses aims to improve some optical
properties such as excited state lifetime. Some recent examples of the tellurite
glasses and oxyfluorotellurite glasses doped with various rare earth ions are
presented in this chapter. The influence of the metallic nanoparticles is also
discussed in both the studied glass compositions.

The transparent tellurite and oxyfluorotellurite glasses are promising materials in
a wide range of technological applications and are capable hosts to incorporate rare-
earth ions for optical applications and photonics as well as noble metallic
nanoparticles.
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Chapter 8
Optical Sensing Based on Rare-Earth-
Doped Tellurite Glasses

M. Reza Dousti, Weslley Q. Santos, and Carlos Jacinto

Abstract Tellurite glasses are among the most interesting host matrices for various
optical applications. The excellent optical and thermal properties of tellurite glasses
are due to their high linear and nonlinear refractive indices, good transparency
window, low phonon energy, high rare-earth solubility, and thermal stability. One
of the promising applications of tellurite glasses is in optical thermometry. In this
chapter, we review the fundaments of thermometry by luminescence spectroscopy,
the theoretical background to calculate the thermal sensibility of rare-earth
ion-doped materials, and some examples of the thermometry done on tellurite
glasses as well as some other host matrices. For example, Er3+-doped tellurite glasses
are given as thermal sensors applied in the visible spectral region, where the
fluorescent intensity ratio of two green emission bands plays the role to optically
determine the temperature. On the other hand, Nd3+ ion-doped glasses could be used
to measure the temperature in the near-infrared region, using the intensity ratio
variations of principal emissions in the 800–1400 nm spectral range. Thermal
sensibility of each case is compared to various glass host compositions.

8.1 Introduction

Temperature is one of the most fundamental properties of thermodynamics. From the
first attempt (by Galileo Galilei in 1593) to develop a numerical scale for the
thermometer, precise temperature measurement with high spatial resolution has
been a rather challenging research topic. Advances in nanotechnology and biotech-
nology require a precise thermometry, capable of evaluating systems in the regime of
micro- and nanoscale (nanothermometry), where conventional methods are not able
to perform measurements [1–3]. The development of a nanothermometer (NTh) is
not only about the miniaturization of size but also about the manipulation of new
physical and chemical properties of materials, because these properties are
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drastically altered on such a small scale. In fact, nanothermometry seeks to extract
knowledge of the local temperature of a given system with a sub-micrometric spatial
resolution [4–6]. As a first approximation, we can identify three areas that can clearly
use nanothermometry and benefit significantly from the increasing development of
NThs with respect to higher sensitivities and resolutions: (1) micro-/nanoelectronics,
(2) integrated photonics, and (3) biomedicine [7].

It is well known that in any biosystem temperature plays a fundamental role
determining its properties and dynamics. For example, temperature is one of the
critical and determinant parameters in rates of cell division, enzymatic reactions,
changes in metabolic activities, and determination of tissue growth rate [8]. Undoubt-
edly, temperature dramatically affects the mechanical, optical, and structural prop-
erties of important biomolecules, similar to proteins that can undergo denaturation,
when exposed to other conditions than those that they have been produced, such as
temperature variations (a few degrees above 37 �C) and change in pH, among others.
Thus, for the full understanding of the dynamics of biosystems, the simultaneous
monitoring of their temperature is fundamental to elucidate the origin of the
observed behavior. Therefore, the interest in understanding the thermal behavior
of the biosystem is a crucial point for early detection and treatment of diseases [9–
13]. Usually one of the earliest indications of any disease (such as inflammation,
cancer, or heart problems) is the arising of thermal singularities [3]. In fact, cancer
cells have higher temperatures compared to healthy cells due to increased metabolic
activity.

High-resolution thermal sensing is also required in cancer therapy processes, such
as hyperthermia which is based on elevated tumor temperature induced by an
external source to cytotoxic levels (43–45 �C). The increase in temperature can be
done in a controlled manner in order to minimize thermally induced damage to the
tissues around the treated region [9, 10].

Nanoscale thermometry therefore seeks a new standard in the use of both
thermometric materials and properties. Due to the particularity of each system,
different thermal sensors are required for different applications. In biomedicine,
the NThs must be nontoxic (biocompatible), soluble in water, and very stable
under the irradiation of light, in order not to release toxic components to the
biosystem.

Examples of such miniaturization contain:

• Luminescent thermometers (LNThs) based on temperature dependence with
emission intensity and/or lifetime of dyes, semiconductors such as quantum
dots (QDs), and rare-earth ion-doped nanoparticles (RE-NPs)

• Infrared (IR) nanoscale thermometers from metallic NPs based on black-body
radiation

• Mapping by thermal microscopes based on doped NPs

In principle, any luminescence NP (LNPs), whose luminescent property (in terms
of intensity, spectral position, spectral form, or decay time) is heavily temperature
dependent, may be considered as a potential LNTh [2, 3, 7]. However, the real-world
application of LNThs as an intracellular thermal sensor requires several additional
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features. These LNPs should be readily dispersible in aqueous media such that they
allow easy incorporation into the cell and, in addition, must have relatively high
fluorescence quantum efficiency (η), so as to provide high-quality image contrasts.
Also, they should show long thermal stability without degradation during optical
excitation and have minimal interaction with the medium investigated. It is also
necessary for them to be excited by photons in the IR (in the spectral range from
700 to 1400 nm). The use of radiation in the IR (where the “biological transparency
window” or simply “biological window” is) allows a greater depth of penetration
and, therefore, the possibility of real three-dimensional thermal images.

8.2 Luminescent Thermometers

The limitations of the contact thermometer to work on submicron scales are well
known, and such difficulties led to the development of thermometry techniques
without the need for contact with the medium, such as infrared thermography,
thermoreflectance, optical interferometry, and luminescence.

Infrared thermography – because all bodies are at a temperature above absolute
zero, they emit thermal radiation. Infrared thermography systems capture this radi-
ation and convert it into an image representing the temperature distribution on the
surface of the observed object. These methods have been applied in several areas
(medical, industrial, civil construction, electronics, etc.).

Thermoreflectance – explores the temperature dependence with respect to the
reflection coefficient of a material (where the refractive index is temperature depen-
dent), thus obtaining a temperature profile through the analysis of the images formed
by the reflection; however, the spatial resolution is limited by the optical imaging
system of the equipment.

Optical interferometry – is based on measuring the variation of the radiation
provided by the superposition of two optical beams. It provides local temperature
information as well as performs precise measurements of thermal expansion or
deformation of a given surface.

Optical nanothermometry – Among the methods of contactless thermometry, the
determination of temperature from the thermal dependence of luminescence has
attracted much interest, since it is a very precise technique. It is based on
temperature-induced changes in the optical properties of luminescent materials.
This is undoubtedly a promising technique for nanoscale thermal sensing. Among
the many existing luminescent thermal sensors, we can mention organic dyes,
polymers, metallic NPs, quantum dots, and nanomaterials doped with Ln3+ ions.
In these cases, the temperature evaluation is made by the spectroscopic measure-
ments (intensity, band shape, spectral position, polarization, lifetime, bandwidth,
etc.) of the parameters that characterize the luminescence sensor.
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(i) Luminescence Intensity-Based Thermometry

In this case, the thermal parameter (to be used for the sensing) is obtained by
analyzing the luminescence intensity. When variations in temperature occur, a
portion of the total number of photons emitted per second also changes, causing
the emission spectrum to become less (or more) intense. These changes in lumines-
cence intensity are usually caused by the thermal activation of the luminescence
quenching process and/or due to the increased probability of non-radiative decays.

(ii) Thermometry Based on the Luminescence Band Shape

In this case we seek to relate the relative intensities of different spectral lines that
compose the luminescence spectrum. In many cases the temperature induces varia-
tions in the shape of the luminescent band, and in general this occurs when the
electronic states from which the emissions are being generated are thermally
coupled. This method is also known as ratiometric and it is a self-referencing one.
In this case, the intensity measurements are not compromised by the well-known
disadvantages of experiments based on the intensity of only one transition.

(iii) Luminescence Spectral Position Thermometry

This method is based on the analysis of the spectral position of the emission lines,
which are determined by the energy gap between the two electronic levels involved
in this process. Moreover, the variation of the energy gap width depends on both the
temperature and other parameters that are part of the material emission process, for
example, the refractive index and the interatomic distances (density). Thus, the
emission lines of any emitting material are expected to be temperature dependent.
In fact, this method exploits the shift of a given material due to variations in
temperature.

(iv) Thermometry Based on Polarization of Luminescence

In an anisotropic media, the emitted radiation is usually non-isotropically polar-
ized, and consequently the form and intensity of emitted radiation are strongly
dependent on its polarization. This fact allows us to define a parameter that we
will call “anisotropy of polarization,”which is the ratio of the intensity of the emitted
luminescence in the two orthogonal states of the polarization. In summary, this
approach is based on the influence of temperature on the “polarization anisotropy.”

(v) Luminescence Bandwidth-Based Thermometry

The width of several emission lines, which are part of a luminescence spectrum, is
determined by the properties of the material (e.g., the degree of disorder of the
atoms) as well as its temperature. It is already known that many luminescent
materials undergo an increase in the local temperature, due to the increase in the
density of phonons in the material, thus contributing to the nonhomogeneous
spectral widening of the luminescence spectrum. Variations in the width of the
luminescence spectrum are exploited by this method, in order to perform a thermal
reading of the medium.
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(vi) Luminescence Lifetime-Based Thermometry

The lifetime, τ, of the luminescence is defined as the time in which the emitted
luminescence intensity is reduced to 1/e of the initial value. This is a good indication
of the total probability of decay of the emitted intensity (in fact, this probability is
defined as the inverse of the lifetime of the the emitting energy level). The decay
probability from the electronic levels depends on an enormous number of factors,
and many of them have a certain dependence on the temperature (such as energy
transfer processes assisted by phonons and multiphonon decays). The dependence
on temperature makes it possible to extract (perform) the thermal reading from the
determination of the lifetime.

Figure 8.1 shows the schematic representative of the luminescence spectra at low
and high temperature for the abovementioned induced effects. In summary,
luminescence-based thermometry provides many options for monitoring the

Fig. 8.1 Possible temperature-induced effects on the luminescence properties. The red lines
represent higher temperature. The schematic representation is adopted from Ref. [3]
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temperature of a given material from the emission spectra analyses. It is important to
note that the thermal sensitivity varies from system to system. Those ones that show
remarkable changes in the luminescence properties when submitted to small varia-
tions in the temperature are classified as excellent thermal sensors, since they are
endowed with great thermal sensitivity.

8.3 Theoretical Backgrounds

The populations of thermally coupled energy levels could be described in terms of
the Boltzmann population distribution. Thus, the emission of two levels, thermally
coupled, of a trivalent rare-earth ion (RE3+) can provide information about the
temperature at which the system is in thermal equilibrium. This technique is called
fluorescence intensity ratio (FIR), where the temperature information is obtained
from the ratio of the emission intensities of the two thermally coupled levels, which
was introduced in 1990 by Berthou e Jorgensen [14] using an optical fiber fluori-
nated glass co-doped with Yb3+/Er3+. The fluorescence intensities of two closely
spaced energy levels (1 and 2) are recorded as a function of the temperature to be
analyzed in a simple three-level system (as shown in Fig. 8.2). The small energy gap
between two excited states allows the population of the upper level from the lower
one through a thermal excitation.

The increase in temperature causes a redistribution of the population of the
emitting levels. This redistribution of population generates a change in the emission
intensities of these levels. In the case of two energy levels sufficiently close and
thermally coupled, the ions’ population promoted to the higher level by thermal
energy can be described by the Boltzmann distribution law [15, 16]:

N2 ¼ N1e
�ΔE21
KBT

� �
ð8:1Þ

,

,

∆

Fig. 8.2 Simplified
diagram for three energy
level thermometry system
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where N1 (or N2) is the population of level 1 (or 2), (look at Fig. 8.2); ΔE21 is the
energy gap between the thermalized levels 1 and 2, which can be experimentally
determined from the absorption spectrum; KB is the Boltzmann’s constant; and T is
the absolute temperature. The population ratio can be described as

N2

N1
¼ e

�ΔE21
KBT

� �
ð8:2Þ

The thermalized emission intensity I20 (or I10) originated from radiative decay
from level 2 (or 1) to the ground state 0 (or other down level) is proportional to the
ion population N2 (or N1), the spontaneous radiative emission rate A20 (or A10), the
branching ratio associated with the corresponding transition β20 (or β10), the average
photon energy hν20 (or hν10), and the degeneracy g2 (or g1) of the level. Thus, the
thermalized emission intensity, I20, could be written as

I20 ¼ N2hν20β20A20g2 ð8:3Þ
Other way, I20 is proportional to the integrated area under the luminescence curve

of this level AE20 , I20 / AE20 . Calculating the ratio of the integrated areas of the two
transitions, i.e., the FIR of the two transitions corresponding to the thermalized
energy levels, levels 2 and 1, we have

FIR ¼ R ¼ AE20

AE10

¼ N2hν20β20A20g2
N1hν10β10A10g1

ð8:4Þ

Since N2
N1

¼ e
�ΔE21
KBT

� �
, the fluorescence intensity ratio between two thermalized

emissions can be associated with the temperature of the optical sensor through the
following relation [17, 18]:

R ¼ ν20β20A20g2
ν10β10A10g1

e
�ΔE21
KBT

� �
ð8:5Þ

or in a simpler form,

R ¼ Ce
�ΔE21
KBT

� �
ð8:6Þ

whereC ¼ ν20β20A20g2
ν10β10A10g1

. Thus, calculating the ratio of the fluorescence intensities of the

two thermalized emission bands, it is possible to determine the absolute temperature
at which the system is in thermal equilibrium. As can be easily observed, calculating
ln(R) in Eq. (8.6), a linear equation could be found as a function of T�1, i.e., ln Rð Þ
¼ aþ b1T (a ¼ ln (C) and b ¼ �ΔE21

KB
). This linear behavior of Ln(R) versus T�1 is of

great interest in practical applications in sensors. The ratio of these intensities is
independent of the source power intensity, since the intensity of each emission band
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is proportional to the population of each level. Such characteristic of FIR technique
is promising for practical applications. However, the parameter C depends on the
properties of the host matrix and the involved electronic transitions. For the most
varied reasons, the Eq. (8.6) does not fit to some systems with thermally coupled
levels, or at least the values of the parameters obtained from the fitting procedure are
quite different from the real ones. For example, Pereira et al. [19] investigated
Yb/Tm-co-doped nanocrystals obtaining experimentally an energy gap of 65 cm�1

, while the real is close to 370 cm�1. Different terminal 3H6 ground-state stark levels
for each transition were suggested as the reason; however, there are many. For any
sensor system, an important observation for practical applications is that the cali-
bration curve has to be obtained by direct measurement of fluorescence intensities,
for example, at peak wavelengths without applying any spectral deconvolution
procedure. This makes thermal measurements fast and simple. Another very impor-
tant question is that, independent of the equation governing the temperature depen-
dence of the optical parameter, a linear dependence provides an almost temperature-
independent thermal sensitivity, making straightforward the temperature readout in
the thermal sensor. Therefore, a direct linear relationship of the optical parameter to
the temperature is desired [4, 5, 13].

Thermal sensitivity is an important parameter in a temperature sensor, which is a
scale of how much sensitive it is at a given temperature variation. The quality of an
optical sensor is given by its thermal sensitivity S or the response speed of a sensor to
the changes of temperature. This parameter is defined as the rate of the change of the
intensity ratio R with temperature, and it allows comparison between different
optical temperature sensors (S ¼ dR

dT ). Therefore, S for thermally coupled system is
calculated by

S ¼ R
ΔE21

KBT2

� �
ð8:7Þ

The thermometry performance is mostly measured by the relative sensitivity SR
[20]. The SR indicates the relative change of R per degree of temperature change and
is defined by

SR ¼ 1
R

dR

dT

����
���� ¼ S

R
¼ ΔE21

KBT2 ð8:8Þ

This parameter is usually expressed in units of percent change per Kelvin, %K�1,
and has been commonly used as a figure of merit to compare different thermometers
[2, 10, 21–23]. This means that different pairs of energy levels can be used to
customize the active material to have high sensitivity in specific temperature ranges.
Depending on the working temperature range, the most suitable material based on its
phonon energy is chosen, as well the energy gap separation between the thermalized
levels of a RE3+.
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8.4 Rare-Earth Ion-Doped Glasses for Thermal Sensing

The upconversion (UC) processes of rare-earth-doped materials could be used for
multiple applications. One of the most important is the luminescent temperature
sensing [24, 25], mainly in a technological point of view. Optical thermometry
emerged as an outstanding substitute for the well-known traditional electric temper-
ature sensors, thanks to its unique profiles such as contactless requirement method
that offers an electromagnetic passive fast response and high temperature sensitivity.
The optical sensors work based on the temperature-dependent variation of some
spectroscopic properties of the RE3+ ions embedded in the matrix, as discussed
earlier. However, two important parameters which show significant temperature-
induced changes are the emission intensities and excited state lifetime values
[26, 27]. Two thermally coupled emitting levels of the RE3+ ion could be examined
by the FIR technique. The optimized energy separation between the emitting levels
is usually indicated to be larger than 200 cm�1 and shorter than 2000 cm�1 to avoid
strong overlapping of the two emissions and to allow the upper level to have a
minimum population of optically active ions in the temperature range of interest.
Some trivalent rare earths are known as suitable candidate whose emitting levels
could provide the optical sensing, such as Er3+[28, 29], Nd3+ [30], Sm3+ [31], Pr3+

[27, 32], and Eu3+ [33]. Another important factor for the optical sensors based on
luminescent ions is enough radiative probabilities of the emitting levels to provide
relatively large emission intensities, which is highly related to the incorporating
matrix. Thermal sensing is indeed a hot field of research in both bulk and nano-sized
luminescent systems, where RE3+ ions can be used as optical thermometers [34].

Among the important bulk system known up to date, tellurite glasses are prom-
ising candidates as host matrix for RE3+ ion-based optical temperature sensors. This
type of glass family composed principally of TeO2 glass former units, which need a
modifying compound to facilitate the glass formation. For this reason, other oxides
such as ZnO, Na2O, PbO, Al2O3, AlF3, BaF3, etc., are usually incorporated in the
final chemical composition [35]. The main advantages of tellurite glasses are their
wide optical transparency window (from 350 to 5000 nm), good chemical and
thermal stabilities, high linear and nonlinear refractive index, good rare-earth solu-
bility, and their relatively low-energy phonons [35–38]. Here, we would emphasize
some recent results on the applications of tellurite glasses doped with RE3+ ions as
optical sensors.

8.4.1 Er3+-Doped Glasses

Erbium ion has two thermalized levels, 2H11/2 and
4S3/2, from which two emissions

are generated by radiative decays to the 4I15/2 ground state (in the range of
500–570 nm). The emission spectra can be achieved either by direct excitation
with the blue laser or by UC pumping at 800 or 980 nm, even with cheap commercial
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laser diodes. Er3+ tellurite glasses and fluorotellurite-based glasses have been studied
a lot for their efficient UC emission and near-infrared band, which benefit from the
advantages of these matrices in comparison to other oxides glasses. Tellurite and
fluorotellurite glasses show low phonon energy, low melting point, high refractive
index, and high chemical, mechanical, and thermal stabilities [38, 39].

The UC emission of the Er3+ ion-doped glasses is not possible without the
involved energy transfer mechanisms between the Er3+ ions and/or excited state
absorption (ESA). The main energy transfer takes place by populating the 4I11/2
intermediate excited level (see Fig. 8.3). However, the dynamic of the UC emission
intensity depends on the lifetime of the 4I11/2 state, whereas for an ESA process, no
delay is expected in the intermediate state and then the dynamic is independent of
this level. Such energy transfer mechanism is already proven by many authors. For
example, the comparison between the lifetime values of a directly and indirectly
excited 4S3/2 state was studied by Leon-Luis et al. [40]. The glass samples highly
doped with rare-earth ions showed a slower luminescence decay curve originated
from the 4S3/2 state to 4I15/2 ground state (green emission band) when excited at
522 nm (4I15/2! 2H11/2) than the case of indirect excitation at 800 nm (4I15/2! 4I9/2),
as shown in Fig. 8.4. The green upconverted emission is generated mainly through

Fig. 8.3 Schematic energy level diagrams of Er3+ ion illustrating the excited state absorptions
(ESA) and energy transfer mechanisms via energy migration (EM), energy transfer upconversion
(ETU), and cross-relaxation (CR). (Figure was adapted from [36])
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an energy transfer upconversion (ETU) mechanism, as 4I11/2,
4I11/2 ! 4I15/2,

4F7/2,
where two neighboring Er3+ ions in the 4I11/2 metastable level sum up to 4F7/2 excited
state, thanks to an energy transferred from an de-excitation to ground state. The 4F7/2
state is depopulated to 2H11/2 and 4S3/2 emitting levels via a multiphonon decay
process. This ETU process is much probable in high concentrated Er3+-doped
glasses, and this is why the UC emission in light-doping samples is hardly observed.

In the last two decades, a lot of interesting research on optical temperature sensing
based on Er3+ ion-doped phosphors, liquids, and solid state media were developed
[41–47]. Some examples of thermometry based on Er3+-doped glassy materials are
given in this chapter. Li et al. [48] studied temperature-dependent investigation of
upconversion emission in Er3+-doped PLZT transparent ceramic. Under 980 nm
laser excitation, they observed three typical emission bands at around 540, 564, and
682 nm, whose intensity varied by increasing the temperature. It was reported that
the intensity of the 564 nm peak at 10 K is about five times higher than that at 300 K,
and the intensity of the 540 nm peak increases initially and then becomes saturated at
temperatures above 260 K. However, the intensities of the 564 and 682 nm emission
bands reduce when the temperature increases. They discussed the results by devel-
oping a rate equation theory, and a good agreement with the theoretically calculated
data and experimental observations was obtained.

Li et al. [48] also discussed that the luminescence decay lifetime of the 4S3/2 level
(green emission) is more influenced by temperature than 4F9/2 level (red-emitting
state), and the maximum intensities of the upconversion emissions at 564 and
682 nm were obtained only at 10 K, where non-radiative transition rates are
minimized. On the other hand, the upconversion emission band at 540 nm showed
a maximum intensity at room temperature. Such behavior of thermal dependence of
two green upconversion emission is due to the thermalization following the
Boltzmann thermal distribution [49]. This thermalization is attributed to the small
energy difference of two emitting states, 4S3/2 and

2H11/2 levels, from which 2H11/2

Fig. 8.4 Luminescence
decay curves of the Er3+

ion-doped tellurite glasses
after a 522 (direct
excitation) or 800 nm laser
pulse (upconversion)
monitoring the green
emissions for the TG10
and/or TG25 glasses
(85TeO2–10 PbF2–(5�x)
AlF3–x ErF3). Taken from
[40]. The decay process is
faster in heavily doped
samples or via direct
excitation at 522 nm
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state could be populated from 4S3/2 by thermal excitation, resulting in a thermal
equilibrium between the two levels. Increasing the temperature the populations of
the 4S3/2 state decreases, while the 2H11/2 higher state gains more populations,
resulting in the enhancement of the emission peak at 540 nm [48].

Two emitting states of Er3+ ions in green spectral region, 2H11/2 and
4S3/2 levels,

are separated by a gap energy of about 700 cm�1. The spontaneous emission
probabilities of these levels can be expressed as

A 2H11=2

� � / 0:7158 Ω2 þ 0:4138 Ω4 þ 0:0927 Ω6

A 4S3=2
� � / 0:2225 Ω6

where it was taken into account the double-reduced matrix elements given by Weber
for the LaF3 crystal [34]. The Ω2 parameter describes the hypersensitive transitions
and is influenced drastically by the short-range crystal field modifications, such as
the covalent character of the RE3+-ligand bond and/or the local structural changes in
the vicinity of the RE3+ ion. On the other hand,Ω4 and Ω6 are long-range parameters
that can be related to the bulk properties, such as rigidity of the network [50, 51].
Leon-Luis et al. [40] reported a fluorotellurite glass with a very large Ω2 parameter,
resulting in the radiative rates of around 22,510 s�1 and 4455 s�1 for the 2H11/2 and
4S3/2 levels, respectively, with calculated lifetimes of around 45 μs and 225 μs. They
discussed that theoretically no emission from the 2H11/2 level would be expected
since the one-phonon de-excitation probability to the 4S3/2 level is quite high
(relaxation time in the order of 1 ns) as the maximum energy phonon found in the
fluorotellurite glasses is around 750 cm�1, similar to other tellurite glasses
[40]. However, thermalization process between these two levels results in the
thermal population of the upper level (2H11/2) following the Boltzmann distribution
function, as discussed above.

The thermal sensing could be evaluated by analyzing the ratio of the lumines-
cence from each thermally coupled state based on a simple three-level system (see
Fig. 8.2). The temperature dependence of the green upconverted emission from the
two thermally coupled 2H11/2 and

4S3/2 levels of the Er
3+ ion in a fluorotellurite glass

under a cw laser diode excitation at 800 nm is shown in Fig. 8.5. Various concen-
trations of Er3+ ions were examined by Leon-Luis et al. [40]. Using the FIR
technique, a maximum sensitivity of 54 � 10�4 K�1 at 540 K was obtained for
the glass having a low Er3+ ion concentration. Manzani et al. [52] studied the thermal
sensing from upconversion emission of Er3+ ions in a glass system having the
following composition: (97�x)[70TeO2–15GeO2–5K2O–10Bi2O3]:xEr2O3/
3Yb2O3 (mol%), where x ¼ 0.1, 0.5, 1.0, and 1.5 mol%. They found a relatively
very large maximum sensitivity of 8.9 � 10�4 K�1.

Ytterbium ions have been generally used to improve the excitation efficiency of
acceptor/activator RE3+ ions by means of energy transfer since the absorption cross
section of Yb3+ ions is broad and matches exactly with emission wavelengths of
commercial and of cost-benefit lasers (920–980 nm). In a RE3+/Yb3+-co-doped
system, the excitation takes place via the addition of photons by energy transfer
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(APTE, from “Addition de Photons par Transferts d’Energie”) from the Yb3+

sensitizer ions [53, 54]. The mentioned APTE process is about 100 times more
efficient than those cooperative luminescence process for the same Yb3+–Yb3+

distances in highly doped Yb3+-doped samples [55]. In fact, high Yb3+ ion concen-
tration is used to generate strong green emission from Er3+ ions in relatively low Er3+

concentrated (up to 1.5 mol%) systems. The large absorption cross section of Yb3+ at
980 nm excitation wavelength and a fast and relatively easy energy transfer to
neighboring, for example, Er3+, provide sufficient population for 4I11/2 level to get
excited by a secondary excitation photon and generate a frequency UC (FUC)
emission. dos Santos et al. [56] investigated optical temperature sensing using
FUC emission in Er3+/Yb3+ chalcogenide glass under excitation at 1.06 μm, in the
temperature range of 20–225 �C, and obtained a resolution of approximately 0.5 �C
using excitation power of a few tens of milliwatts. In the work [28], dos Santos et al.
did a comparison of optical FUC thermal sensors with Er3+ and Er3+/Yb3+ systems
(chalcogenides, fluoroindate, germanoniobate, and fluoride) under excitation at 1.54
and 1.06 μm. Manzani et al. [52] concluded that high green emission intensity and
thermal sensitivity for the probe could be optimized by controlling the concentra-
tion of RE3+ ions. In their work, the proposed thermometer is able to work linearly
in the range of 5–50 �C and 50–200 �C, with a suitable accuracy, and precisions of
�0.5 and �1.1 �C, respectively. The upconversion emission spectra were
recorded under a 980 nm diode laser excitation (150 mW) for the 0.1 mol%
(TG01), 0.5 mol% (TG05), 1.0 mol% (TG10), and 1.5 mol% (TG15) glass
samples (not shown here). The intensity of both the green and red emissions
initially increased by increasing Er2O3 concentration from 0.1 to 0.5 mol%, while
they quenched for concentrations from 0.5 to 1.5 mol%. The decreasing of Er3+-Er
3+ and Er3+-Yb3+ distances improve the efficiency of ion-ion interactions and
drastically reduce the green FUC emission [57].

Fig. 8.5 (Left) Normalized temperature evolution of the Er3+ green upconverted emission for
85TeO2–10 PbF2–(5�x) AlF3–x ErF3 glasses (x ¼ 1, TG10). (Right) Linear fit on the green
fluorescence intensity ratio R vs. T�1 for the TG10 and TG25 (x ¼ 2,5) glasses from room
temperature to 540 K range. (Figures are adopted from [40])
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Figure 8.6 shows the temperature dependence FUC emission of TG05 glass
sample, at an optimized Er3+ concentration (0.5 mol%) by Manzani et al. [52]. The
integrated intensity ratio between two observed green FUC emission shows a linear
dependence to temperature (R2 > 0.99). In this matter, they observed a relatively large
value for the sensitivity of the FUC emission for TG05 sample. The largest value for
absolute sensitivity is 9.1� 10�3 K�1 at 423 K, whereas the maximum sensitivity is
8.9 � 10�3 K�1 at 473 K. Their results are shown in Table 8.1 and compared to the
ones reported in literature for various glassy host.

The maximum relative thermal sensitivity (SR) for different glasses and glass
ceramics doped with Er3+ ions or co-doped with Er3+/Yb3+ ions is listed in Table 8.1.
As could be read on this table, the maximum sensitivity varies drastically from host
to host. However, at a very fast glance on the table, it could be concluded that
tellurite glasses in general show higher sensitivity than other glassy or ceramic hosts.
For example, tellurite glasses show more thermal sensitivity (SR

max ~ 8.9 � 10�3

K�1 for a Er3+/Yb3+-doped glass at 200 K [52]) than ceramics, although they do
not reach as high as the sensitivity values of chalcogenide (10.2 � 10�3 K�1)
and PKAZLF glasses (7.9 � 10�3 K�1) [59]. Moreover, it should be also noted
that the choice of the excitation wavelength could also change the thermal
sensitivity. For example, the maximum thermal sensibility of Er3+-doped Te-Pb-
Al glasses is higher (7.9 � 10�3 K�1) when excited at 488 nm than when excited
at 800 nm (5.4 � 10�3 K�1).

Although a lot of research has been devoted to study the effect of temperature
on the FUC emissions of Er3+ ions in green spectral region, and the effect of Er3+ or
Yb3+ ion concentration is investigated to optimize the maximum thermal sensitivity,
a large lack of discussions on the effect of the glass composition and modifiers on
this parameter is clear.

Fig. 8.6 Temperature dependence of the Er3+ green upconversion emissions for a 0.5Er3+/3Yb3+

co-doped tellurite glass at (left) low temperature and (right) high temperature ranges. All the spectra
were normalized to the maximum intensity of each spectrum. (Taken from [52])
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8.4.2 Nd3+-Doped Glasses

One of the key factors of thermalized energy levels to show large emission
intensity for sensing applications is the radiative probabilities of those states. In
this sense, Er3+ ion is the most widely used one for this purpose, although other
lanthanide ions could also provide comparatively and sufficient radiative properties

Table 8.1 The maximum sensitivity values, excitation, and emission wavelengths of Er3+ doped in
some glasses, ceramics, and glass ceramics

Ions Host [Ref]
λexc
(nm)

Tmax

(K)
Temperature
range (K)

SR (max, 10�3

K�1)
SRm(%
K�1)

Er3+ Tellurite glass [58] 379 596 313–713 8.5 –

Te-Pb-Al glass [18] 488 541 293–773 7.9

Te-Pb-Al glass [40] 800 540 300–550 5.4

Fluorotellurite glass [40] 800 267 27–267 5.4 0.35

PKAZLF glass [59] 488 630 298–773 7.9 –

In-Zn-Sr-Ba [60]
Fluoride glass [60]

406 425 125–425 2.8 –

Sr-Ba-Nb-B glass [61] 532 600 300–700 1.7

ZBLALiP glass [25] 805 495 150–850 2.3

Chalcogenide glass [28] 1540 293–493 10.2

Fluorozirconate glass
[25]

976 27 �123–577 0.6 0.58

Fluoroindate glass [29] 980 152 �150–152 2.8 0.55

Fluoroindate glass 1480 450 298–450 5.2 –

Oxyfluoride glass [29] 980 240 �23–177 2.7 0.41

Lead-silica glass [62] 980 317 23–377 2.6 0.24

PLZT ceramic powder
[63]

980 337 310–383 4.0

Ba(Zr,Ca)TiO3 ceramic
[64]

980 443 200–443 4.4

α-NaYF4 glass ceramic
[18]

488 540 300–720 2.4

Er3+

/Yb3+
TeO2-WO3 glass [65] 980 417 27–417 2.6 0.20

Te-Ge-Bi glass [52] 980 200 5–200 8.9 0.53

Ge-Te glass [29] 976 220 20–220 3.6 0.39

Fluorophosphate glass
[66]

980 6 �196–227 1.5 0.71

Chalcogenide glass [28] 1060 220 20–220 5.2 0.38

Silicate glass [67] 978 23 23–450 3.3 0.63

Na0.5Bi0.5TiO3 ceramics
[68]

980 493 173–553 3.5

NaBiTiO3 ceramics [69] 980 400 163–613 3.1
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as, for example, Nd3+, Pr3+, Ho3+, and Sm3+ ions in glasses [20, 31, 32, 70] and other
phosphors [71–73]. Contrary to the case of Er3+ ions, there are not much articles
involved on the optical sensors based on Nd3+ ions. This could be due to the fact that
emission of Nd3+ ions is located in the NIR region, whose detection is relatively
difficult.

The emergence of the new generations of NIR detectors, such as CCD cameras and
extended photomultipliers, allows the detection of the signals of new NIR optical
materials as the temperature sensors. In fact, recently optical sensors based on Nd3+-
doped systems have attracted a great attention thanks to their multifunctionality and
promising potential as in medical applications such as bio-imaging and bio-labeling,
cellular and deep-tissue temperature probes, or anticancer therapies [3, 74–78]. One
of the chief keys in this scenario is the position of the absorption and emission bands
of the Nd3+ ion within the near-infrared biological window (NIR-BW) of the human
tissues, which covers 650–950 nm (the first BW), 1000–1400 nm (second BW), and
1500–1700 nm (third BW), where the absorption of the light by human tissue is
minimized and only scattering is taken into account as themain parameter for the light
extinction. However, even if rare, interesting research has been published in the last
years on the thermometry based on Nd3+ ion-doped phosphors [17, 30, 61, 79, 80].

Marcin Sobczyk [81] studied the effect of temperature on the optical response of
Nd3+-doped telluride glasses xNd2O3–(7-x)La2O3–3Na2O–25ZnO–65TeO2, where
x¼ 0, 0.1, 0.5 and 7 mol%. The glasses were prepared by the melt quench technique,
and the optical properties were studied in a temperature range of 298–700 K. The
decay time of the 4F3/2 level in this host was calculated using the Judd-Ofelt theory to
be around 164 μs, while the experimentally measured lifetime was of 162 μs. The
experimental lifetime, as expected, decreased from 162 to 5.6 μs by increasing the
Nd2O3 concentration from 0.5 to 7.0 mol%. Based on these data, the fluorescence
quantum efficiency diminishes from 100% (for 0.5 mol% Nd2O3–6.5 mol%La2O3)
to 3.4% (for 7.0 mol% Nd2O3–0 mol%La2O3). The fluorescence intensity ratio
(FIR) was used for the 4F3/2 ! 4I9/2 and

4F5/2 ! 4I9/2 transitions in the determined
range of temperature. At 638 K, the sensitivity reached its maximum value of about
0.15%K�1. In addition, two-photon excited infrared-to-visible upconversion emis-
sions at 603.0 (4G5/2 ! 4I9/2) and 635.3 nm (4G5/2 ! 4I11/2) were observed at high
temperatures using an 804 nm laser, and the temperature-stimulated upconversion
excitation processes were also analyzed in details.

Lalla et al. [30] reported on the temperature dependence of the infrared lumines-
cence of a fluorotellurite glass doped with 0.01 and 2.5 mol% of Nd3+ ions (Fig. 8.7).
They proposed this glass as a high-temperature sensing probe. They studied the
variations of the emission intensities of the (4S3/2,

4F7/2), (
2H9/2,

4F5/2),
4F3/2 ! 4I9/2

transitions using the FIR technique in the temperature range from 300 to 650 K. A
strong temperature dependence of the calibration on the Nd3+ ion concentration was
observed, and the best response was to the low-doped concentrated sample. The
maximum value for the thermal sensitivity was 17 � 10�4 K�1 at 640 K, which is
claimed to be one of the largest values found in the literature for a Nd3+-doped glassy
optical temperature sensor. The differences in the temperature rates and sensitivities
with the variation of Nd3+ concentration are discussed in terms of various interaction
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mechanisms such as the non-radiative (e.g., multiphonon relaxation) and energy
transfer processes. Taken into account that the multiphonon relaxation probability
does not depend upon dopant concentration and knowing that energy transfer
probability could not affect the emission band profile, they conclude that the only
significant process involved is the reabsorption of Nd3+ ions. Such radiative energy
transfer processes occur due to the strong overlapping of absorption and emission of
Nd3+ ions.

The thermometry parameters of some Nd3+-doped glasses are listed in Table 8.2.
Similar to what is concluded for the Er3+ ions, the maximum relative thermal
sensitivity of Nd3+-doped glasses depends on the choice of the glass host, concen-
trations of the Nd3+ ions, and excitation wavelength. By and large, tellurite glasses
(2.4%K�1) show better response than ZBLAN (1.08%K�1) and fluorotellurite
(1.1–1.7%K) glasses and a comparable thermal sensitivity to phosphate glasses
(2.5%K�1). The authors have already studied the excitation wavelength dependence
of some phosphate glasses. It could be concluded that the Nd3+ phosphate glasses
show better sensing response under an 800 nm excitation wavelength than an
850 nm one. Looking at the thermal sensitivity of samples with different concentra-
tions, one could conclude that for samples having higher concentration of Nd3+ ions,
a smaller increase in intensity occurs with increasing temperature and vice versa.
This causes changes in the FIR with the Nd3+ concentration, affecting its thermal
sensitivity. In summary, the relative thermal sensitivity is higher for the sample with
lower Nd3+ concentrations.

Effect of high temperature on luminescence lifetimes of 4F3/2 level of Nd
3+ ions in

glass was studied by Sobczyk [81]. The lifetime measurements of this excited state
were recorded in the 298–673 K temperature range, applying a direct excitation of
the emitting 4F3/2 level. Both of the examined glasses showed a single exponential
luminescence decay profile. Effects of temperature on decay times of glasses
containing 0.5 and 2.0 mol% of Nd2O3 are shown in Fig. 8.8. By increasing the

Fig. 8.7 Temperature-dependent NIR emissions of fluorotellurite glasses doped with (a) 0.01 mol%
and (b) 2.5 mol% of Nd3+ ions. All the spectra were normalized to the maximum intensity of the
transition at around 11,200 cm�1. (Adopted from [30])
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temperature from 298 to 568 K, the excited state lifetimes of the studied glasses are
temperature independent. However, in the 568–673 K temperature range, decay time
shows interesting changes. Initially, the lifetime of the 4F3/2 level slowly increases by
increasing the temperature and then drops until 626 K where it restarts to grow
sharply. This dependence is of great importance since the minimum of the lifetime
value took placed in the temperature range of the glass transition of the studied
glasses. The author (Sobczyk) suggested that this observation could be used as a
technique to determine the phase transitions in glasses by decay time measurement.

Table 8.2 The maximum relative thermal sensitivity values, excitation, and transition (4F7/2,
4F3/2 !

4I9/2[1] and
4F7/2,

4F5/2 + 2H9/2 ! 4I9/2[2],
4F5/2,

4F3/2 ! 4I9/2[3]) emission wavelengths of Nd3+

doped in some glasses and glass ceramics

Host Sample
λexc
(nm) Transitions

Tmax

(K) Equation, ln(R)¼

SRmax

(% K
�1)

Theoretical [30] 3 670 5.93–1050/kT 2.13

Fluorotellurite
glass [30]

0.01 mol% Nd3+

2.5 mol% Nd3+
514
514

3
3

649
666

1.43
1.10

Theoretical [30] 2 670 2.54

Fluorotellurite
glass [30]

0.01 mol% Nd3+

2.5 mol% Nd3+
514
514

2
2

649
666

1.77
1.22

La2O3-Na2O-
ZnO-TeO2 [81]

1 mol% 584 3 638 3.82–963.6/kT 1.5

Silica glass [21] 700 2.7

Telluritea NR1:Nd3+ 1 wt.% 1 300 3.3–2178.1/T 2.416

Phosphatea Q100:Nd3+ 9 wt.
%

800 1 300 �3.4–1419/T 1.574

Q98:Nd3+ 6 wt.% 800 1 300 4.2–2212.8/T 2.455

Q98:Nd3+ 1 wt. % 800 1 300 4.7–2299.5/T 2.551

ZBLANa ZBLAN:Nd3+

1 wt. %
800 1 300 1.24–1750.7/T 1.942

Fluorogermateb A1:Nd3+ 1 wt.% 800 1 300 4.2–2210/T 2.452

Phosphatea Q100:Nd3+

9 wt.%
850 2 300 �0.22–813.8/T 0.903

Q98:Nd3+ 6 wt.% 850 2 300 �0.22–1011.7/T 1.122

Q98:Nd3+ 1 wt.% 850 2 300 0.58–1164.7/T 1.292

ZBLANa ZBLAN:Nd3+

1 wt.%
850 2 300 �0.52–974.3/T 1.081

Fluorogermanateb A1:Nd3+ 1 wt.% 850 2 300 0.99–1229.6/T 1.364

A2:Nd3+ 0.75 wt.
%

850 2 300 0.81–1146/T 1.271

P-K-Ba-Al glass
[82]

69 532 3 300 – 0.0153

PbF2 glass
ceramic [82]

Nd3+/Yb3+ 980 1, 2, 3 – – –

aThe data presented by authors are not published yet
b70% PbGeO3-15%PbF215%CdF2
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8.5 Summary

In this chapter, we have revisited some recent and important researches carried out
on the optical sensing of rare-earth ion-doped glasses, giving a special emphasis to
tellurite glasses doped with Er3+ or Nd3+ ions. Er3+ ion-doped tellurite glasses show
important thermalized levels in green spectral region which is achievable either by a
Stokes or an anti-Stokes excitation approach. The upconversion emission of Er3+

ions has recently attracted a large attention. When co-doped with Yb3+ ions, a
stronger upconversion emission could be generated, which is also suitable for
thermal measurements based on luminescence intensity ratio method. A table was
dedicated to the thermometry data of Er3+-doped glasses and some ceramics. It is
concluded that Er3+-doped tellurite glasses show relatively higher sensitivity to
temperature than other glass or ceramic compositions, up to the coverage of this
book. On the other hand, the thermalized near-infrared emissions of Nd3+ ions could
be a suitable case for the biological applications, where existence of more than one
pair of thermalized levels gives more opportunities to analyze the optical sensitivity
of such system. The maximum sensitivity obtained for Nd3+ ion-doped glasses, in
general, is lower than those obtained for Er3+ ions. The effect of the concentration of
both, Er3+ and Nd3+ ions, on the maximum thermal sensitivity is discussed in detail.
However, the effect of glass host composition on the thermometry parameters is not
discussed much in the literature and requires further attention. Tellurite glasses have
shown significant optical sensing characteristics and are promising materials to
develop optical sensor at a wide range of temperature.

Fig. 8.8 Temperature-dependent lifetime of the 4F3/2 level in xNd2O3–(7-x)La2O3–3Na2O–
25ZnO–65TeO2 glasses. (Taken from [81])
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Chapter 9
NIR Emission Properties of RE3+ Ions
in Multicomponent Tellurite Glasses

M. S. Sajna, V. P. Prakashan, M. S. Sanu, Gejo George, Cyriac Joseph,
P. R. Biju, and N. V. Unnikrishnan

Abstract The unique physical and optical properties of tellurium-based glasses
such as low melting point, low phonon energy, higher linear and nonlinear refractive
index, and wide transparency in the visible to IR region make them excellent
candidates for telecommunication applications. This chapter reviews trivalent rare-
earth (RE3+)-doped tellurium-based glasses developed over a wide range of compo-
sitions formed from the viscous melts of more than two glass formers. This chapter
includes some important tellurium-based glasses as potential host materials for RE3+

ions having near-infrared (NIR) emissions. The influences of the composition on the
spectral as well as laser parameters of certain rare-earth transitions investigated by
several researchers are also detailed so as to apply them in a wide variety of practical
applications. It also covers some basic theories necessary to explain the spectro-
scopic features of interest, the required experimental evidences, and the representa-
tive data related to the topic from the previous reports. The recent developments in
the intensification in NIR luminescence of lanthanide-embedded tellurite-based
hosts due to the co-doping of the metal nanoparticles are also addressed.

9.1 Introduction

Rare-earth-doped glasses have wide applications in the fields of sensors, lasers,
optical amplifiers, optical switches, etc. Various glass compositions embedded
with lanthanide ions have been prepared by quenching of their respective oxide
melts. The luminescence properties of lanthanide ions depend on the matrix in which
they are incorporated. Unlike crystals, glasses are inherently disordered medium,
and hence the environment of the rare-earth ions in the glass host is not uniform,
which causes a site-to-site variation in the energy levels of the rare-earth ion, and
their radiative and non-radiative transition probabilities also changes. In glassy
hosts, lanthanide ions are known to exhibit laser action [1]. Oxide glasses possessing
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high chemical durability and stability are required for the doping of lanthanides for
the fabrication of optoelectronic devices. The glass hosts like silicates, borates,
phosphates, tellurites, germanates, chalcogenides, fluorozirconates, sulfides, anti-
mony, fluoroindates, and tungstates are differed mainly by their phonon energy,
preparation methods, physicochemical characteristics, and transmission windows.
The choice of host glass matrix is very significant for rare-earth doping in a working
medium as it is intended to be utilized in application point of view for designing
optical fibers or lasers. In general, the suitability relies on the phonon energy of the
glass system intended to be used as an optical host matrix. The efficiency of the
energy level could be considerably enhanced by using low phonon energy systems
by reducing non-radiative losses, favorable to achieve increase in population inver-
sion that is a necessary criterion to increase the efficiency of the emission levels.
Now a days, exploring new host systems with better optical properties is a wide area
of extensive investigation by many scientists.

Good corrosion resistance, chemical durability, and mechanical strength in addi-
tion to the ease of preparation due to low melting temperature of the precursors are
the major advantages of tellurium-based glasses. The significant attraction of the
glasses on the spectroscopic features is their excellent IR transmission in the visible
as well as near-infrared region up to 4.5 μm, slow corrosion rate, high rare-earth ion
solubility, higher refractive index, as well as optical quality [2, 3].

In this review article, particular attention has been devoted to tellurium-based
glasses. Comparing with the common oxide glasses like silicates, borates, phos-
phates, and germanates, the tellurite glasses have lower phonon energies [4]. By
monitoring the optical absorption and emission spectra in the ultraviolet-visible-
near-infrared (UV-VIS-NIR) region, the spontaneous emission probabilities, inten-
sity parameters, radiative lifetimes, and branching ratios have been obtained. It is
also possible to compute the peak stimulated emission cross sections for the selected
NIR transitions for ensuring the utility of these glasses for practical applications.
The broad near infrared luminescence properties of the glasses are attributed to
their being promising nominees for tunable lasers and optical broadband fiber
amplifiers.

9.2 Significance of Near-Infrared (NIR)Emissions
and Their Applications

The wavelength ranging from 0.75 to 1000 μm is termed as infrared (IR) radiation,
and while taking into account the detector limitations, it is divided into three
different regions: 0.750–3 μm near-infrared (NIR), 3–30 μm mid-infrared (M-IR),
and 30–1000 μm far-infrared (F-IR), respectively. For biomedical imaging applica-
tions, tunable infrared emissions are used [5]. There are extensive uses for the IR
spectroscopy for the element identification applications. Since the performance of an
optical component or system depends on basic material, it is crucial to optimize them
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in order to yield a maximum utility. The transmission, refractive index, gradient
index, and dispersion are all to be taken into account to realize much more in-depth
information for them to be used extensively in a variety of applications ranging from
the thermal imaging to design of plano-optics.

Optical window is the low attenuation wavelength range of the fiber-optic cable
used in telecommunication systems. For fiber-optic communication purposes, LEDs
were used in the beginning as the light source mainly operated at the wavelength of
780 or 850 nm, and this region is referred to be the first transmission window. For
high-bandwidth transmissions over long distances, these LEDs could not be utilized
and were replaced by lasers. The wavelength regions referred to as the second and
third optical transmission windows in which the lasers operated at 1310 and 1550 nm
are commonly used. Praseodymium and erbium ions have near-infrared emissions in
the 1.3 and 1.5 μm wavelengths and hence could be used in telecommunication
fields. Enormous interest has been drawn to increase the capacity of data transmis-
sion in optical communication systems and investigations are ongoing worldwide to
develop a much more efficient optical amplifier to be operated in the low-loss
transmission window in the near-infrared region. The second telecommunication
window comprises of the short-wavelength edge (~1200 nm) and E
(1360–1460 nm)-bands. Femtosecond laser writing technology is implemented in
such a way that it is possible to make a refractive index variation within a transparent
glass for the fabrication of 3D geometry photonic circuit. Rare-earth ions in low
phonon glass matrices providing emissions in the NIR region are very significant to
fabricate, examine, and explore their utility and potential in the mentioned context.

9.3 Multicomponent Tellurite Glass Hosts for the NIR
Emission

For doping lanthanide ions, the glassy matrices were chosen after a systematic search
in order to evolve apt glass materials having improved properties. It is necessary to
incorporate various glass-forming oxides while choosing tellurium as the base or
main glass host since under normal atmospheric conditions, tellurium cannot form
glass by itself and is a conditional glass former. Hence it is a prerequisite that
modifiers like other glass formers, transition metal oxides, alkali, and/or alkaline
earth elements should be added in stoichiometric amount to yield tellurium in glassy
form, and for the mentioned purpose, adding other elements is justified by several
authors [6, 7]. Adding network formers like boric oxide (B2O3) and phosphorus
pentoxide (P2O5) can form ionic-covalent bonds with oxygen atoms which consti-
tute the basic glass structure along with TeO2. Adding B2O3, which is a character-
istic network former and also a flux material, can enhance the population
accumulation in the 4I13/2 level and 980 nm pumping efficiency even though the
phonon energy of the lattice of the glass matrix increases [8]. An appreciably good
heat stability is offered by the network former P2O5. The alkali metal potassium
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(K) serves the role of a network modifier which will increase the local symmetry
around the lanthanide ions incorporated in the matrix; also via non-bridging oxygen
(NBO) atoms, they attach themselves to the structure and help in the formation of a
stable glass. The formation of a more connected network in the tellurium-based
glassy systems was offered with the introduction of Zn in the network with more
non-bridging oxygens (NBOs) in (Te-O)� bonds as well as Te-O-Te linkages
[9]. The electronegativity of fluorine is higher than oxygen, and hence with the
modifier ZnF2 addition or the fluorine ion substitution for the oxide ions in the glass
matrix can lower the viscosity and improve the glass formation range and also
increase the stability of the glass to a great extent [10, 11].

Incorporating rare earths into various oxide glasses is important to develop
various optical devices such as waveguide amplifiers, IR to visible upconverters,
infrared lasers, etc. Glass compositions which are stable against devitrification are
selected for doping lanthanides in order to yield near-infrared emission. Fluoride and
halide glass matrices or their crystals are extensively examined since they have lower
phonon energy among the glass systems, but their chemical and mechanical stabil-
ities are relatively poor compared to that of oxides [12, 13].

One other crucial parameter in the processing for making glass or fiber drawing is
their thermal stability and is found from the differential scanning calorimetry
analysis. The ΔT value is a suitable measure for the thermal stability against
crystallization, and it represents the interval during which the nucleation takes place.

ΔT ¼ Tx � Tg ð9:1Þ
where Tx is the onset of crystallization and Tg is the glass transition temperature. The
difference should be at least >100 �C for the glass composition for using in fiber
drawing purposes. The tellurite glasses have higher thermal stabilities, and they
exhibit high thermal resistance against crystallization as compared to the binary
glasses and hence are suitable for various fiber device applications. Certain
multicomponent tellurite glasses were developed in this context and their thermal
characterizations were already reported [2, 14] (Table 9.1).

Among the oxide glasses, the peak stimulated emission cross sections of certain
NIR transitions of RE ions in tellurite glasses rank first. Opting tellurite as the glass
host was motivated by taking into consideration of their high mechanical strength,

Table 9.1 Some tellurite-based glass compositions and their thermal characteristics

Sample name Composition (mol %) Tg (�C) ΔT (�C)
TP10 90TeO2-10P2O5 348 124

TP20 80TeO2-20P2O5 380 � � �
TBSNP8 70TeO2-3.5BaO-10.5SrO-8Nb2O5-8P2O5 404 176

TBSNWP8 66TeO2-3.5BaO-10.5SrO-8Nb2O5-4WO3-8P2O5 419 199

TBSNWTP8 64TeO2-3.5BaO-10.5SrO-8Nb2O5-4WO3-2Ta2O5-8P2O5 433 224

TBSNWP16 58TeO2-3.5BaO-10.5SrO-8Nb2O5-4WO3-16P2O5 440 224

TZLB 78TeO2-5ZnO-12Li2O-5Bi2O3 275 � � �
Reused with permission from Ref. [15]
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low melting point, good corrosion resistance, low phonon energies, and high
chemical durability. The high polarizability of the tellurium ions causes higher
refractive index of the tellurite-based glasses which makes them apt for the opto-
electronic device applications [16, 17]. A local field correction at the rare-earth ion
site is induced by the high refractive index which prompts an enhancement in the
radiative transition rates of the RE3+ ions in the matrix [2, 18].

Another important requirement for a fiber amplifier glass host is its phonon
energy, and it should be minimum for maximum amplifier performance. It has also
been evidently proved that the intensity of fluorescence of the rare-earth ion is
enhanced to several folds while doped in a glass host of lower phonon energy
[19, 20]. Comparison of phonon energy for various host glasses are given in
Table 9.2. Due to the low phonon energy, tellurite glasses have relatively low prob-
ability of non-radiative transitions and lower energy transfer between active dopants
compared with various oxide glasses like silicate, borate, and phosphate glasses,
which also makes tellurium-based glasses as attractive hosts for lanthanide incorpo-
ration [21]. A detailed analysis of various glass compositions for laser writing
applications especially multicomponent tellurite glasses is described by Toney
et al. [22].

9.4 Methods Employed for Fabrication of the TeO2-Based
Multicomponent Glasses

Common preparation techniques employed for the preparation of tellurium-based
glasses are melt quenching method, non-hydrolytic sol-gel method, and chemical
vapor deposition. Conventional melt quenching has been usually adopted to prepare
Ln3+-doped multicomponent tellurite glasses for NIR emission applications. From
the oxide precursors of the hosts, glass and the dopant lanthanides of the respective
glasses of interest were weighed in appropriate quantities in molar ratio to yield a
glass of fixed weight. They were then well mixed using an agate mortar, transferred
to a platinum crucible, and melted in a high-temperature electric furnace. The molten
liquid is suddenly quenched to a brass mold preheated in an annealing furnace at a
temperature below the glass transition temperature. The quenched glassy material in
the brass mold is again kept in an annealing furnace for several hours and then
gradually cooled down to room temperature in order to reduce any thermal stress.
The final glass samples were then sliced in required dimensions and polished for

Table 9.2 Comparison
of phonon energy (hω)
of glasses [23]

Glass Phonon energy hω (cm�1)

Fluoride 500–600

Tellurite 600–850

Germanate 975–800

Phosphate 1350–1200

Borate 1340–1480
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further use. The optical quality tellurite glasses are prepared in inert platinum or gold
crucible to obtain refractive index homogeneity required for high-power laser
applications, but there may be present traces of dissolved (ionic) platinum. It was
reported that the optical performances of the tellurite glasses have negligible effect
on these platinum ion inclusions compared to phosphate glasses particularly in
UV-visible absorption range [24]. Even though, in order to avoid any possible effect
of these impurities or OH content on the optical absorption properties and any
contamination during the melt quenching or processing, high-purity precursor
oxides were used and in some cases, melting in dry atmosphere is also employed
[25–27].

9.5 Spectral Parameters Quantifying NIR Emission
Properties

The understanding of the spectroscopic properties of rare-earth activators is of key
significance for laser action, upconversion, phosphors, energy transfer, optical fibers,
and so on. There is a lot of spectral parameters for the optical assessment of NIR
emission. These properties comprise absorption-emission transitions, peak wave-
lengths and linewidths, branching ratios, transition probabilities, cross sections,
lifetimes, quantum efficiencies and fluorescence quenching mechanisms, etc.
Based on experimentally measured absorption spectrum and utilizing the Judd-
Ofelt and McCumber theoretical approaches, the quantities like the radiative transi-
tion rates, fluorescence lifetime, branching ratios and stimulated emission cross
sections can be calculated for the transitions of interest.

9.5.1 Absorption and Emission Cross Sections

The ability to absorb or emit light is quantified by the term cross section. The
emission cross section is a very significant parameter to quantify the emission
characteristics of a lanthanide-doped host system and is generally calculated by
evaluating the absorption cross section from the measured absorption spectrum and
the emission cross section from the emission spectrum. In addition, in the case of
certain rare earths like erbium and holmium, a theoretical approach named as
McCumber analysis has been adopted to find the emission cross section from
absorption cross section itself by making use of the absorption spectrum. The
stimulated emission cross section of a transition is calculated from the emission
spectra by the Fuchtbauer-Ladenburg equation [28].
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σe ¼
λ4pA S Lð ÞJ; S0 L0ð ÞJ 0½ �

8πcn2Δλeff
ð9:2Þ

where λp denotes peak wavelength of the emission band, Δλeff is the effective
linewidth, c is the velocity of light, n is the refractive index and A is the transition
probability [29]. The value of stimulated emission cross section indicates the rate of
energy extraction from the lasing material. For the present glasses which have high
stimulated emission cross sections, it is entailed that they have high potential laser
applications.

The figure of merit (FOM) for bandwidth is defined by the effective width of the
emission peak and the stimulated emission cross section and is given as

ΔG ¼ Δλeff � σe λp
� � ð9:3Þ

9.5.2 McCumber Spectral Evaluation

Dean E. McCumber at Bell Laboratories in the 1960s, following the prior hypothet-
ical examinations of Albert Einstein and utilizing the thermodynamic principles,
worked out and put forward a theory [30] – now named as McCumber theory. This
theory is applicable to both the absorption and emission properties of the laser gain
media, specifically to the solid-state media, for example, transition metal-doped or
rare-earth-doped gain media.

The ability to absorb and emit light was quantified by the factor cross section.
From the experimentally measured absorption coefficient and the RE3+ concentra-
tion (N ) in the glass, the absorption cross section (σa) was calculated using the
following equation [31]:

σa ¼ 2:303
N � t

E
�
ν
� ð9:4Þ

where t is the thickness of the glass and E is the optical absorbance in wave number ν.
The stimulated emission cross section σM

e of the transition of RE3+ ions is
calculated by using absorption cross section σa by the following relation [30]:

σM
e ¼ σaexp ɛ� hνð Þ=kBT½ � ð9:5Þ

where ν is the frequency of radiation, h is the Planck’s constant, kB is the
Boltzmann’s constant, and ɛ represents the free energy needed to excite one RE3+

ion from the ground state to excited state at room temperature which is found by the
method proposed by Miniscalco et al. [32].
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9.5.3 Gain Spectra Characteristics

To evaluate the gain characteristics, the gain coefficient has been computed. On the
basis of absorption (σa) and emission (σe) cross sections, one can calculate the
wavelength dependence of gain coefficient (G(λ)) as a function of population
inversion between the upper and ground levels to determine the gain property
quantitatively. It is assumed that there is a simplified two level system for which
the RE3+ ions are distributed between the ground state and the upper state. The net
gain coefficient (G(λ)) at wavelength (λ) is evaluated by the following equation [33]:

G λð Þ ¼ N Pσe λð Þ � 1� Pð Þσa λð Þ½ � ð9:6Þ
where P is the population inversion parameter defined as the ratio of number of
active ions in the excited state RE3+ lasing level to the total number of active ions in
the glass. It is dependent on the pump energy density, and its value falls into the
region 0 to 1; N is the concentration of RE3+ ions. The gain coefficient spectrum for a
lasing transition of the glass has been computed as a function of wavelength using
the above equation for different P values.

9.5.4 Lifetime Measurements

Measuring the lifetime of transition levels is important for quantifying the emission.
A profound knowledge about the mechanisms involved in the excitation process can
be elucidated by examining the fluorescence excitation and de-excitation owing to
intra-4f electronic transition. The curve is illustrated by integral solutions to proper
rate equations which accounts for the possible excitation and relaxation mechanism.
In most of the cases at lower concentrations of RE3+ ion dopants, the interaction
between the optically active RE ions is insignificant, and hence the fluorescence
decay curves can be fitted to the single exponential function. The experimental
lifetime (τexp) was estimated by fitting the following function to the single exponen-
tial equation.

y ¼ y0 þ Ae�t=τ ð9:7Þ
where “t” denotes the time after excitation. However, at high RE ion concentrations,
the interaction among the ions becomes so prominent such that the energy transfer
occurs from an excited ion to a non-excited ion. Hence the decay curve deviates from
the single exponential curve to a double exponential behavior and follows the
equation

y ¼ y0 þ A1e
�t=τ1 þ A2e

�t=τ2 ð9:8Þ
where y is the intensity of luminescence at time t. τ1 and τ2 are the short and long
lifetimes corresponding to the each de-excitation mechanisms. A1 and A2 are the
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intensity coefficients used as the fitting parameters. The average lifetime was
calculated by the equation

τexp ¼ A1τ21 þ A2τ22
A1τ1 þ A2τ2

ð9:9Þ

Figure of merit (FOM) for amplifier gain (G) is an imperative parameter so as to
evaluate the performance of the amplifier while designing devices. It is specified as
the product of lifetime and stimulated emission cross section and is given by [34].

G ¼ τexp � σe λp
� � ð9:10Þ

The non-radiative decay rate can be expressed as [35].

WNR ¼ 1
τexp

� 1
τR

ð9:11Þ

The luminescence quantum efficiency (η) is defined as the ratio of the number of
photons emitted to the number of photons absorbed. For an emission level in the case
of RE3+ ions, it is equal to the ratio of measured experimental lifetime to the
predicted radiative lifetime obtained from the JO theory

η ¼ τexp
τR

� 100% ð9:12Þ

9.6 Lanthanide Ions Having NIR Emission and Their
Electronic Energy Level Structure

The main rare-earth ions emitting near-infrared emissions are Tm3+, Pr3+, Er3+,
Nd3+, Ho3+, Ce3+, and Yb3+. The origin of the highly efficient selective emissions
in rare-earth ions in different host matrices is arising from their particular energy
level structure. In the technological point of view, there are a lot of applications for
these emissions especially in the NIR region.

9.6.1 Thulium

For a broadband amplifier at 1.47 μm, Tm3+-doped glasses were widely investigated
in the past decades. For the designing and development of new lasers, Tm3+-doped
materials playing key roles are considered because of their 1.8 μm NIR emissions
[36]. The 3H4 level can be directly excited by a 790–800 nm pumping. The
fluorescence emissions of Tm3+ doped glasses excited by 798 nm wavelength are
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at around 1.4 μm and 1.8 μm which are due to 3H4 ! 3F4 and
3F4 ! 3H6 transitions,

respectively, and the partial energy level diagram is shown in Fig. 9.1. By develop-
ing thulium-doped fiber amplifier (TDFA), it is possible to extend the bandwidth of
transmission than the available range of the erbium-doped fiber amplifier (EDFA).
Choosing tellurite as the host for the EDFA is justified by the ultra-broadband gain
arising from the inherent properties of the tellurite host [37].

Followed by the investigations of two-module amplifier comprising a tellurite-
glass-based EDFA and fluoride TDFA which are reported by Yamada et al. [39], and
investigations by Mira Naftaly et al. [40] analyzed the effect by changing the host
from fluorozirconate (ZBLAN)-based glass to tellurite-based TDFA with the same
doping concentration of Tm3+ ions. There occurs a significant broadening in the
FWHM from 76 to 114 nm, and this broadening can be attributed to the presence of
multiple sites in tellurite glass. In addition the emission peak of the Tm3+ is red
shifted, and it can possibly associate to the higher refractive index of the tellurium-
based glass. It can also be related to the nephelauxetic effect due to which the
absorption and emission lines tend to shift to lower energy side in high-refractive-
index hosts and/or in covalently bound hosts. It is also obtained from the studies that
the high refractive index of tellurite glass results in the increase in the emission cross
section of the order of two times and shorter lifetime compared with the ZBLAN
glass.

Fig. 9.1 Energy level
diagram of Tm3+. (Reused
with permission from Ref.
[38])
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9.6.2 Praseodymium

Trivalent praseodymium (Pr3+) doped in various glass/crystal lattices is well studied,
and their energy levels almost up to 47,000 cm�1 are well established [41–
43]. Followed by the development and successful establishment of the optical fiber
amplifier doped with erbium (EDFA) which amplifies signals in the 1.53 μm in the
third telecommunication window, praseodymium-doped fiber amplifiers (PDFA)
were also developed and investigated and successfully operated in the 1.3 μm
wavelength in the second telecommunication window. Taking into considerations
of the low phonon energy, initially it was developed in the fluoride glass systems
[44]. Partial energy level diagrams of Pr3+ in a glass system are shown in Fig. 9.2.

9.6.3 Holmium

Ho3+ ion electronic transitions comprise in the visible as well as in the infrared
regions for which the 5I7 level has relatively long lifetime and larger peak stimulated
emission cross sections [46, 47]. The infrared laser emission range of the Ho3+ ion is
in the 1.2–4.9 μm regions [48, 49]. Holmium-doped laser operating at the wave-
length of 1.9 μm is an eye-safe potential laser emission even at room temperature
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(RT) with a low threshold action outside the retinal hazard region [50] and is
available commercially with output power 100 watt. For Ho3+ ions, the most
appropriate transition to generate light with wavelength close to 2.0 μm region is the
5I7 ! 5I8 laser transition. At this wavelength, the emission band is broader, and the
stimulated emission cross section is much larger and has longer fluorescence lifetime
and is a favorable candidate for Q-switched laser [51]. Due to the rich multiple
energy levels, Ho3+ exhibits near-infrared emissions at 1.20, 1.38, 1.46, and 1.65 μm
(5I6! 5I8), ((

5F4,
5S2)! 5I5), (

5F5! 5I6), and (
5I5! 5I7); and also, the lasing action

at 2.08 μm (5I7 ! 5I8) along with other visible emissions [52]. Several researchers
have investigated the absorption and emission spectra of Ho3+ ions in various glass
hosts [53]. The energy level structure and the emission channels of Ho3+ ions are
shown in Fig. 9.3.

Seshadri et al. reported the multicomponent tellurite glass of the composition
(78 � x)TeO2 + 4.5Bi2O3 + 5.5ZnO + 10.5Li2O + 1.5Nb2O5 + xHo2O3 and the
cross-section value calculated for 5I6 ! 5I8 transition by McCumber spectral eval-
uation is 13.1 � 10�21 cm2, and is shown in Fig. 9.4. This value is greater than the
fluoro-tellurite and lithium-barium-bismuth-lead glasses [55, 56]. For the same
glass, the 5I7 ! 5I8 transition has the cross-section value of 14.5 � 10�21 cm2 and
is greater than the silicate, germanate, gallate-bismuth-germanium-lead, and lead
phosphate glasses [57]. The obtained lifetime, cross section, and figure of merit for

Fig. 9.3 The partial energy
level scheme of Ho3+ ions in
tellurite glass. (Reused with
permission from Ref. [54])
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amplifier gain values of the relevant NIR transitions of the above mentioned tellurite
glass were higher than those for the other reported glasses [56, 58–60] and hence are
promising host materials for achieving high gain coefficients.

9.6.4 Neodymium

Snitzer in 1961 demonstrated the lasing of Nd3+-doped glass, and from then onwards
glasses doped with transition metal ions and rare-earth ions were increasingly used to
develop solid-state materials [61]. Nd3+-doped tellurite single-mode fiber laser has
been demonstrated in the past decades itself [62]. The emission spectra have three
prominent peaks in the near-infrared region at 874, 1057, and 1331 nm
corresponding to the 4F3/2 ! 4I9/2, 11/2, and 13/2 transition levels, respectively. It is
interesting to extend the spectroscopic investigations to the Nd3+ ions in glassy
systems since it is a significant dopant for NIR laser applications at around 1.06 μm.
The energy level scheme for the Nd3+ ions in tellurite glasses is depicted in Fig. 9.5.
It was reported by Jing et al. that the TeO2 is beneficial to the maximum emission
linewidth and it increases the emission cross section. It is also reported that the
optical gain properties of these Nd3+-doped glasses can have a low threshold for
laser operation of 4F3/2 ! 4I11/2 transition [63].

Fig. 9.4 The cross section of 5I6$5I8 and 5I7$5I8 transitions for Ho3+-doped tellurite glass.
(Reused with permission from Ref. [54])
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9.6.5 Erbium

Out of the trivalent rare-earth ions, Er3+ has due importance because of its popularity
and high efficiency. Development of Er3+-doped waveguides, fiber lasers and
amplifiers has drawn wide attention because of the commercialization of 800 and
980 nm laser diodes [65, 66]. The Er3+-doped glasses yield the 4I13/2 !4 I15/2
transition with either 805 or 980 nm excitation. From the Er3+ centers in glass
hosts, strong NIR emission at 1.53 μm is observed at room temperature. Tellurite
single-mode fiber laser with Er3+ doping has been demonstrated initially in the
1990’s [67]. Tellurite glasses doped with erbium have been developed with various
chemical and optical properties apt for use in optical applications [68, 69]. Figure 9.6
represents the NIR emission of Er3+-doped niobic tellurite glass [70]. The
host dependency of significant spectral parameters of the 4I13/2 ! 4I15/2 transition
of Er3+ ions is illustrated in Table 9.3.

Rolli et al. investigated some other tellurite glasses of the composition
75TeO2:12ZnO: 10 Na2O:2PbO/2GeO2:1Er2O3 and reported that the cross section
at 1.5 μm is about 7.85� 10�21 cm2 due to the higher refractive index of the tellurite
host (~above 2) [75]. The effective bandwidth obtained for the mentioned glass is

Fig. 9.5 Energy level scheme of Nd3+ ions in tellurite glass. (Reused with permission fromRef. [64])
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63 nm and is similar to other reported tellurite glasses [73] and is very much greater
than other hosts like phosphates or silicates [18, 76]. The absorption as well as the
emission cross section of the 4I13/2$4I15/2 transition of Er3+ ions in a
multicomponent tellurite glass is shown in Fig. 9.7. Since Er3+-doped tellurite
glasses have very large emission cross sections, these glasses are promising candi-
dates for broadband amplification in the third telecommunication window.

Er3+-doped tellurite glasses with broad and intense 1.53 μm infrared emissions
are valuable in developing optical amplifiers and lasers.

Erbium-doped tellurite glasses can have long fluorescence lifetimes compared
with other erbium-doped host glasses at certain pump wavelengths because of their
low phonon energies [78]. The stimulated emission cross section, lifetimes of the
4I13/2 level of Er3+ are significant parameters for broadband optical amplifiers or
lasers at the 1.53 μm, and in this context the respective parameters are discussed
in the report of Sajna et al. [71]. Corresponding to the 4I13/2 ! 4I15/2 NIR emission
transition for the TPBFEr05 glass, the value of figure of merit for amplifier gain (G)
is found to be 34.72 � 10�24 cm2 s. This value indicates that the current glass
system is potentially valuable as a laser material at 1.53 μm. The radiative lifetime of
the 4I13/2 level of Er

3+ ion in TPBFEr05 glass was predicted as 3.24 ms using Judd-
Ofelt analysis. Using the measured lifetime (τexp) and radiative lifetime (τR), the

Fig. 9.6 Typical NIR
emission of Er3+-doped
tellurite glass. (Reused with
permission from Ref. [70])

Table 9.3 Significant spectral parameters of 1.53 μm emission of Er3+ ions in various glass hosts

Glass code Δλeff (nm) σe (�10�21 cm2) ΔG (�10�28 cm3) Reference

TPBKZFEr05 63 9.67 609.21 –

PBSEr(38/62) 65 5.7 370.5 [72]

LTBE0.5Y 80 5.9 472 [73]

TZF16-0.5 67.7 8.2 555 [74]

TZF35-0.5 66.7 7.1 474 [74]

TPEr 58.7 6.9 405.03 [28]

Reused with permission from Ref. [71]
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quantum efficiency was estimated for the 4I13/2 metastable state of the Er3+ ions.
While calculating the quantum efficiency of TPBFEr05 glass, the value is found to
be beyond 100%. This discrepancy is mainly due to the fact that self-absorption
introduces a delay in the excited luminescence by successive reabsorption and
reemission processes. The reabsorption of early emitted photons lengthens the
emission process inside the glass depending on the absorption cross section (σa)
and thickness (L ). From Auzel’s approach, the lifetime corrected for the self-
absorption effect is obtained by the equation [74].

τexp ¼ τPL 1þ σaNLð Þ ð9:13Þ
where τPL is the non-affected value of lifetime by self-absorption and N is the ion
concentration. The corrected lifetime was found as 2.56 ms for 4I13/2 level of Er

3+ in
TPBFEr05 glass. The comparative study on the spectral properties of the NIR
emission recommends that the glass material under examination might be a prom-
ising candidate for Er3+-doped fiber amplifiers.

Fig. 9.7 The absorption and emission cross sections of the Er3+-doped tellurium-based glass.
(Reused with permission from Ref. [77])
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9.7 Co-Doping

While adding the rare-earth ions to improve the luminescence properties, difficulty
arises due to concentration quenching which limits the possibilities of higher doping
[79, 80], and an illustration of this is given as Fig. 9.8.

To overcome this difficulty, alternative approaches such as introducing metallic
nanoparticles (NPs), adding quench reduction agents, co-doping semiconductors, or
other RE with a resonant energy level have been developed [81].

9.7.1 Rare Earths

To investigate the possibility of evolving efficient amplifiers in the NIR region, the
co-doping of rare earths is also promoted widely. Trivalent Yb can serve the role of a
sensitizer to efficiently enhance 980 nm absorption and energy transfer to a number
of rare-earth ions (Ho3+, Pr3+, Tm3+, Er3+) emitting infrared emissions, and the same
is depicted in Fig. 9.9 [82].

Tellurite glass of the composition 75TeO2 + 20ZnO + 5Na2O doped with Pr3+ is
co-doped with Yb3+ ion to sensitize the Pr: 1.3 μm emission by the Yb! Pr energy
transfer [83]. In this, at higher temperature, there is a rapid energy migration between
Yb ions which promotes Yb3+: 2F5/2 ! Pr3+: 1G4 transfer.

Fig. 9.8 NIR emission spectra of a tellurite glass with variation of the Er3+ doping. (Reused with
permission from Ref. [71])
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G. Lakshminarayana et al. presents the NIR emission spectrum of 50TeO2–

20ZnO–10B2O3–10Li2O–9.0Na2O–1.0Er2O3-doped glass in comparison with the
same glass co-doped with the 2.0Yb2O3. From this spectrum, it is evident that the
broad emission centered at 1532 nm (4I13/2-

4I15/2 transition) under 980 nm excitation
is enhanced along with the change in the full-width at half-maximum (FWHM)
53–58 nm [84].

9.7.2 Metal Nanoparticles

Co-doping with metal nanoparticles along with the lanthanide ions into glassy
frameworks opens up possibilities for the manufacture of new materials attributable
to their enhanced luminescence properties induced by the surface plasmon resonance
(SPR) mechanism. By the excitation radiation, the metal nanoparticles resonantly
excited and due to which the electromagnetic field of the order of 102 in the vicinity
of the particles enhanced remarkably [85]. This prompts increased charge densities
accumulated principally about to the sharp edges of nanostructures. Henceforth the
nanostructures assume crucial part in the SPR phenomenon by transferring the
excited radiation into localized electric field. By controlling the parameters like the
size and shape of the co-doped nanoparticles, the SPR effects can be regulated. In
this context, the rods or ellipsoid-like anisotropic nanostructures are referred to as
light-harvesting nano-optical antennas and have many advantages [86]. As the
wavelength of excitation or emission of a rare-earth ion is close to the SPR
wavelength of the embedded metallic NPs, the respective transition probability is

15

10

5

0

14
75

 n
m

13
10

 n
m

15
30

 n
m

11
85

 n
mE

ne
rg

y 
(1

03  
cm

-1
)

Yb3+ Tm3+ Pr3+ Ho3+ Er3+

3F
4

3F
3

3F2
3H

6

3H
5

5I
4

5I
6

5I
6

5I
7

5I
8

4I
9/2

4I
11/2

4I
13/2

4I
15/2

2F
7/2

3H
6

3H
4

3F
4

3H
5

3F
3

3H
4

2F
5/2 1G

4

98
0 

nm

Fig. 9.9 The excitation and emission pathways in the energy levels of the Yb3+, Tm3+, Pr3+, Ho3+,
and Er3+ ions. (Reused with permission from Ref. [82])

220 M. S. Sajna et al.



enhanced considerably due to the increase in local surface charge densities of the
nanoparticles. Therefore in host matrices particularly in the chalcogenide and inor-
ganic glasses by the in situ formation, the incorporation of gold and silver
nanoparticles can significantly favour the optical properties for various applications.
Hence particular scientific attention has been attracted for the investigations on
metal�/rare-earth-incorporated tellurite glasses. In several reports, Er3+/Au
co-doped systems are proved to be potential candidates for optoelectronic applica-
tions due to the strong SPR effects by gold nanoparticles [87, 88].

9.8 Upconversion Properties

Several studies are ongoing in order to develop infrared-laser-pumped upconversion
solid-state lasers. Halide glasses have good upconversion characteristics, even
though its utility in practical purposes is limited due to their hygroscopic nature.
The other glass hosts for Ln3+ ions like chloride, iodide, bromide, fluoride, and
chalcogenide glasses are widely studied for the upconversion emission [89–
93]. Tellurite glasses have proven its role as better oxide glass hosts for
upconversion emission due to their higher refractive index along with the relatively
lower phonon energy. Hai Lin et al. discussed the upconversion mechanism relating
with the excitation intensity [70]. In this, the emission intensity of the upconversion
(IUP) is a function of the excitation intensity in the infrared region (IIR).

IUP / IIR
m ð9:14Þ

where “m” represents the number of infrared photons absorbed per visible photon
emitted. The number of photons contributed to the upconversion emission in the
visible region is by the slope of the straight line obtained while plotting logIUP versus
logIIR

m.
Co-doping of rare earths of metallic nanoparticles can enhance the upconversion

emissions also. Yb3+ is also a best known lanthanide element which can act as a
sensitizer for the visible upconversion emissions with the 1 μm laser pumping in
Ho3+, Er3+, or Tm3+ co-doped glasses and crystals.

9.9 Conclusions

In this chapter, we center our focus on the tellurite glasses doped with the rare-earth
ions having near-infrared emission and their optical properties for various practical
applications. Tellurite glasses with better thermal stability and broad near-infrared
emissions have drawn considerable interest in tunable laser sources and broadband
optical amplification at low-loss telecommunication windows. This work reviews
the researches in the development of promising Ho3+-doped tellurite glasses for
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optical amplifiers operated at 1.2 and 2.0 μm wavelengths. The laser transition of
trivalent erbium (4I13/2 ! 4I15/2, at �1.54 μm) in tellurite glasses widely utilized in
the field of optical communications and in the low-loss optical waveguides
is detailed. The strategies of co-doping of other rare earths/metal nanoparticles for
the enhancement of the characteristic emissions primarily in the NIR region of
optically active rare-earth ions are discussed.
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Chapter 10
Tellurite Glasses: Solar Cell, Laser,
and Luminescent Displays Applications

Luciana R. P. Kassab, L. A. Gómez-Malagón, and M. J. Valenzuela Bell

Abstract Rare-earth-doped glasses can be exploited to control the solar spectrum in
order to enhance the solar cell efficiency. We review recent results of the manage-
ment of the solar spectrum on a solar cell using rare-earth ion-doped TeO2-ZnO
glasses, with and without metallic nanoparticles, as a cover slip. Transparent rare-
earth-doped materials as glasses can absorb light at shorter wavelength and emit light
at longer wavelengths, the well-known downconversion process; besides they have
the advantage of easy preparation and high doping concentration of rare-earth ions.
In this context tellurite glasses appear as potential candidates because of their wide
transmission window (400–5000 nm), low phonon energy (800 cm�1) when com-
pared to silicate, and thermal and chemical stability. Few vitreous hosts have been
investigated to be used as cover slip to enhance the performance of conventional
solar cell; so the lack of studies using rare-earth-doped glasses on the top of standard
solar cells has motivated the recent reports that are reviewed in this chapter. We
discuss the role of the downconversion process to increase the solar cell efficiency. It
is shown that the management of Tb3+ and Yb3+ ions concentration can be optimized
to modify the solar spectrum and consequently increase the solar cell efficiency. It is
demonstrated that plasmon-assisted efficiency enhancement could be obtained for
commercial Si and GaP solar cells, respectively, covered with Eu3+-doped TeO2-
ZnO glasses with silver nanoparticles. Tellurite glasses have also proven to be
adequate hosts for rare-earth ions and for the nucleation of metallic nanoparticles
(NPs). We review results of the modification introduced by different Nd2O3
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concentration on the laser operation of TeO2-ZnO glasses. The control and
improvement of the photoluminescence efficiency due to the nucleation of gold
NPs in Yb3+/Er3+-doped TeO2-PbO-GeO2 glasses is also reviewed. It is shown that
the nucleation of silver NPs in Tb3+-doped TeO2-ZnO-Na2O-PbO glass contributes
for the large enhancement in the blue-red spectrum.

10.1 Introduction

The demand for the development of new nanostructured materials with relevant
properties to fulfill the different necessities of our society has been leading the
researches to look for the production of new dielectric materials; in this context
tellurite glasses appear as potential candidates because of their wide transmission
window (400–5000 nm), high refractive index (�2.0), low phonon energy (800 cm�1)
when compared to silicate glasses, high mechanical durability, large mechanical
resistance, and high vitreous stability [1–4]. Rare-earth-doped tellurite glasses have
demonstrated unique physical properties [5–14]. Low cutoff phonon energy is nor-
mally required to increase the upconversion efficiency as the multiphonon relaxation
becomes less probable and high refractive index is interesting for ultrafast response
devices based on the nonlinear response. They are also capable of incorporating rare-
earth ions and metallic nanoparticles (NPs) with an extensive range of photonic
applications.

This chapter presents some reports related to metal-dielectric nanocomposites
based on tellurite glasses for photonic applications. Their emerging application in the
field of plasmonics has demonstrated the possibility for the development of
color displays, optical amplifiers, and sensors and biosensors based on the enhance-
ment of the spectroscopic properties of rare-earth ions in the presence of metallic
NPs [15–22]. Tellurite glasses have also demonstrated to be potential material for
laser applications. For this reason in this chapter, we also focus our attention to this
important application of Nd3+-doped TeO2-ZnO [23, 24].

Rare-earth-doped glasses can be exploited to control the solar spectrum in order
to enhance the solar cell efficiency. Transparent rare-earth-doped materials as glasses
can absorb light at shorter wavelength and emit light at longer wavelengths, by the
well-known downconversion process; besides they have the advantage of easy
preparation and high doping concentration of rare-earth ions. In this context tellurite
glasses appear as potential candidates too. Few vitreous hosts have been investigated
to be used as cover slip to enhance the performance of conventional solar cell; so the
lack of studies using rare-earth-doped glasses on the top of standard solar cells has
motivated the recent reports that are reviewed in this chapter [25, 26].

In this chapter we review some of our previous results obtained with samples
based on different tellurite compositions. Firstly the control and improvement of the
photoluminescence efficiency due to the nucleation of gold NPs in Yb3+ /Er3+-doped
TeO2-PbO-GeO2 glasses is reviewed [27]. Then it is shown that the nucleation of
silver NPs in Tb3+-doped TeO2 -ZnO-Na2O-PbO glass contributes for the large
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enhancement in the blue-red spectrum [28]. The possibility to use tellurite glasses for
laser applications is also reviewed, and recent results of the modification introduced
by different Nd2O3 concentration on the laser operation of TeO2-ZnO glasses
[23, 24] are discussed. We discuss the role of the downconversion process to
increase the solar cell efficiency. It is shown that the management of Tb3+ and Yb
3+ ions concentration can be optimized to modify the solar spectrum and conse-
quently increase the solar cell efficiency [25]. It is demonstrated that plasmon-
assisted efficiency enhancement could be obtained for commercial Si and GaP
solar cells, respectively, covered with Eu3+-doped TeO2-ZnO glasses with silver
nanoparticles [26].

Finally a summary of the results and further comments on the potential of tellurite
glasses for different applications is discussed.

10.2 Experimental Details

10.2.1 Method Used for the Production of the Tellurite
Glasses

In this chapter we review results of different tellurite compositions: TeO2-ZnO,
TeO2-PbO-GeO2, and TeO2-ZnO-Na2O-PbO [23–28]. The samples used were pre-
pared by the conventional melt quenching technique. All reagents and doping
species were oxide powders obtained commercially. The high-purity reagents
(~99.999%) were melted in platinum crucibles, at different temperatures
(750–1050 �C) depending on the composition, during 20–120 min, quenched in
air, in a heated brass mold, annealed for 2 h at 270–350 �C to avoid internal stress,
and then cooled to room temperature inside the furnace. Then, after the cooling the
glass samples were cut and polished for the optical experiments. For the experiments
with glasses having silver or gold NPs, the samples prepared with AgNO3 or Au2O3

were submitted to additional heat treatment (HT), at the transition temperature,
during different periods of time, to reduce the metallic ions and nucleate Ag or Au
NPs, following the procedure already reported [15, 16, 19]; samples without metallic
NPs were also produced to be used for comparison with those with silver or
gold NPs.

10.2.2 Characterization Techniques

A transmission electron microscope (HR-TEM) operating at 200 kV was used to
investigate the presence of gold or silver NPs embedded in the glass matrix and
enabled the determination of the size and shape of the NPs.
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Optical absorption spectra were measured at room temperature in the
400–1700 nm range using a commercial spectrophotometer in order to determine
the absorption bands related to the transitions of the trivalent rare-earth ions as well
as the absorption bands of the localized surface plasmon resonance (LSPR) associ-
ated to the metallic NPs [29].

Photoluminescence spectra were measured with different excitation sources,
depending on the doping species and the goals of each experiment. The samples
doped with Tb3+ were excited in two different ways: using a 30Wxenon lamp (pulses
of ~3 μs; 80 Hz) at 377 nm to study the photoluminescence enhancement in the
presence of metallic NPs and the third harmonic generation from a 1064 nm pulsed
nanosecond Nd: YAG laser (QuantelUltra 50) and an OPA (Coherent Libra) tuned at
482 nm operating in a quasi-continuous (quasi-cw) mode as excitation lasers for
samples singly doped with Tb3+ [28] and co-doped with Yb3+ and Tb3+ [26]. For the
studies of the enhanced upconversion of the samples co-doped with Yb3+ and Er3+

[27], the excitation was performedwith a CWdiode laser operating at 980 nm, and the
upconversion luminescence signals were dispersed by a monochromator fitted by a
S-20 photomultiplier and computer. Cw laser operating at 473 nm together with the
Ocean Optics spectrometer was used for the excitation of the samples prepared with
Eu3+ that were used as cover slip to enhance the commercial solar cells
performance [25].

For the case of the laser action study [23, 24] in TeO2-ZnO glasses doped with
Nd3+, a titanium sapphire (Ti:Sa) laser emitting at 808 nm (300 mW) and chopped
at 100 Hz was used. Then the light emitted by the sample was collected with an
optical fiber detector, and the signal was analyzed with the aid of an optical
spectrum analyzer (OSA). Exciting the sample with a pulsed optical parametric
oscillator (OPO) system, emitting at 808 nm (7 mJ, 5 ns pulse), enabled the
determination of the fluorescence lifetime.

The laser setup used to study the CW laser action in Nd3+-doped TeO2-ZnO
glasses was consisted in a standard plane-concave laser resonator and was described
in ref [23, 24]. A flat dichroic mirror highly reflective (R > 99.5%) around 1064 nm
and with high transmittance (T > 95%) around 808 nm was used together with two
different concave output mirrors with 100 mm radius curvature and transmissions of
0.8% and 4% around 1064 nm. The samples used for this experiment were carefully
polished and stickled with silver paste on a copper sample holder without any
particular cooling; a CW Ti: sapphire laser tuned at 806 nm and focused with a
lens of 10 cm focal length pumped them through the dichroic input mirror.

The electrical characterization to determine the performance of the solar cell
using the rare-earth ion-doped TeO2-ZnO glasses placed on top of the solar cell
[25, 26] was performed using a solar simulator (LCS-100 Newport), with a AM 1.5
filter and a sourcemeter (Keithley 2420) coupled to a personal computer, as reported
in ref. [25]. The electrical parameters such as efficiency; fill factor (FF); short-circuit
current, Isc; and open-circuit voltage, Voc, were obtained from the current-voltage
(I-V) curves under 1000 W/m2 irradiance of commercial silicon (BPW34 Vishay
Semiconductors) and GaP (FGAP71 Thorlabs) semiconductor photodiodes, with
energy gap of 1.1 eV and 2.26 eV, respectively.
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10.3 Results and Discussion

10.3.1 Control and Improvement of the Photoluminescence
Efficiency Due to the Nucleation of Gold NPs in Yb3+/
Er3+-Doped TeO2-PbO-GeO2

We review the effects of gold NPs in the infrared-to-visible frequency upconversion
of Er3+/Yb3+ co-doped TeO2-PbO-GeO2 glasses [27].

Glasses were prepared by adding 0.5 wt % of Er2O3, 2.0 wt% of Yb2O3, and
1.0 wt% of Au2O3 to the base glass composition 33.3 TeO2–33.3 PbO-33.3 GeO2

(in wt%), using the melt quenching method [27]. After the annealing performed to
reduce the internal stress, the samples were heat treated at 350 �C during 24, 48, and
72 h (3 steps of 24 h) to thermally reduce Au+ and Au3+ ions to Au0 and conse-
quently to nucleate and grow gold NPs, following the procedure used for different
germanate and tellurite hosts successfully [17, 30–36]. The results obtained demon-
strated that the enhanced local field contribution attributed to gold nanoparticles and
the energy transfer processes between two different rare-earth ions can be used to
control the efficiency of luminescent glasses.

Figure 10.1 shows the TEM image of the sample after heat treatment during 72 h
where we observe gold NPs which average size around 10 nm. Figure 10.2 presents
the upconversion emission spectra of all the samples prepared; the results for different
heat treatment times are shown as well as the one of the sample without gold NPs.
Intense emission bands at 527, 550, and 660 nm were observed corresponding to
well-known Er3+ transitions 2H11/2 ! 4I15/2,

4S3/2 ! 4I15/2, and
4F9/2 ! 4I15/2,

respectively [27, 32, 37, 38]. We can notice enhancement of about 20% for the 2

H11/2 ! 4I15/2,
4S3/2 ! 4I15/2 transitions by comparing the samples prepared without

Fig. 10.1 TEM image of
Er3+-Yb3+ co-doped TeO2-
PbO-GeO2 glass containing
gold NPs after heat
treatment during 72 h [27]
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gold NPs with the one heat treated during 72 h. These transitions have wavelength
near the surface plasmon band, whereas the one at 4F9/2 ! 4I15/2 does not. So this
transition is less influenced by the presence of gold NPs than the other observed ones.
These results corroborated the studies presented in ref [32, 37] that demonstrated that
the proximity of the infrared-to-visible frequency upconversion luminescence with
the plasmon absorption band normally favors the intensity enhancement caused by
the intensified local field effect.

So the present results showed that the influence of gold NPs and the efficiency
energy transfer mechanism between Yb3+ and E+3 ions can change the upconversion
visible spectrum. The role of the gold NPs could be demonstrated as the lumines-
cence improvement observed, due to the intensified local field around the Er3+ ions,
took place even using a low concentration of the doping species.

The dependence of the upconversion intensities with the laser intensity was
studied and showed that the introduction of gold NPs does not affect the dependence
of the upconversion intensities with the laser intensity; for all the samples studied, a
slope ~2.0 was observed for 4S3/2 ! 4I15/2 and 4F9/2 ! 4I15/2 transitions in the
presence and in the absence of gold NPs, demonstrating that two photons are
participating in the upconversion emission [27, 32].

Figure 10.3 presents the energy level diagram of Er3+ and Yb3+ ions and
illustrates the possible upconversion pathways. The energy transfer pathways indi-
cated in Fig. 10.3 (the dashed lines 1, 2 and 3) represent the dominant processes. We
observe that the 2H11/2 ! 4I15/2 and 4S3/2 ! 4I15/2 transitions originate the green

Fig. 10.2 Upconversion emission spectra of Er3+/Yb3+ co-doped TeO2-PbO-GeO2 glasses
containing gold NPs for different heat treatment times; the upconversion emission of the sample
without gold NPs is shown as reference TEM image of Er 3+/Yb 3+ co-doped TeO2-PbO-GeO2 glass
containing gold NPs after heat treatment during 72 h [27]
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emissions at 527 nm and 550 nm and the red emission at 660 nm is due to the
4F9/2 ! 4I15/2 transition.

This work showed that the introduction of gold NPs enabled the control and
improvement of the photoluminescence efficiency of Yb3+/Er3+ co-doped TeO2

-PbO-GeO2 glasses and the use of Yb3+ lower concentrations, due to the local
field growth around Er3+ ions located in the vicinity of the metallic NPs. The present
procedure can be used for different hosts in order to achieve luminescent materials of
high performance.

10.3.2 Large Enhancement in the Blue-Red Spectrum Due
to the Nucleation of Silver NPs in Tb3+-Doped TeO2

-ZnO-Na2O-PbO

We review the luminescence properties of Tb3+-doped TeO2-ZnO-Na2O-PbO
glasses containing silver NPs [28]. As the Tb3+ ions located in the vicinity of the
NPs were in the presence of an intensified local field, the luminescence efficiency
increased. The whole spectrum was intensified by the appropriate heat treatment of
the samples that were prepared using the melt quenching technique using as doping
species Tb4O7 (5 wt %) and Ag2O (10.0 wt %). Different heat treatment times at
270 �C were used to reduce the Ag+ ions to Ag0 and to nucleate silver NPs.

Figure 10.4 shows the absorption band due to the surface plasmon resonance of
silver NPs [28, 29], and whose amplitude increases with the annealing time because
of the growth of the NPs concentration. Figure 10.5 shows a TEM micrograph that

Fig. 10.3 Energy level diagram of Er3+ and Yb3+ ions illustrating possible upconversion pathways
for Er3+-Yb3+ co-doped TeO2-PbO-GeO2 glasses with gold NPs. The solid straight lines with
upward and downward arrows indicate optical transitions; dotted lines and wavy arrows denote ET
processes and nonradiative relaxation, respectively [27]
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corroborates the presence of silver NPs and aggregates with dimensions varying
from 2 to 150 nm. The inset of the figure shows the diffraction patterns characteristic
of silver crystals.

Figure 10.6a presents the emission bands at 485 nm, 550 nm, 585 nm, and
623 nm, related to Tb3+ transitions, detected at 377 nm. We observe increase of
the whole spectrum of the Tb3+ luminescence for samples heat treated for 62 h. The
highest enhancement is observed for the luminescence at 550 nm (~200). A simpli-
fied energy level scheme of Tb3+ ion with indication of the luminescence transitions
observed is presented in Fig. 10.6b.

The emission at 550 nm is more affected than the one at 485 nm and can be
attributed to the fact that electric dipole transitions are more sensitive to the local

Fig. 10.4 Absorption
spectra of Tb3+-doped
TeO2-ZnO-Na2O-PbO
samples containing NPs for
various heat treatment times
[28]

Fig. 10.5 Transmission
electron microscope image
of the sample annealed
during 62 h. The inset shows
the electron diffraction
pattern of the silver NPs [28]
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field increase due to the NPs than magnetic dipole transitions. The Tb3+ ions located
in the vicinity of the NPs are in the presence of an intensified local field, and
consequently the luminescence efficiency increases. We recall that tellurite glasses
co-doped with Tb3+ and Eu3+ also showed enhancement ~100% as reported before
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Fig. 10.6 (a) Emission spectra of Tb3+-doped TeO2-ZnO-Na2O-PbO samples containing NPs for
different annealing times (excitation wavelength: 377 nm). (b) Simplified energy level scheme of
Tb3+ ion with indication of the luminescence transitions observed. The dashed line indicates
nonradiative decay to level 5D3 followed by cross-relaxation among excited ions and neighbors
in the ground state [28]
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[39]. The large luminescence enhancement was obtained due to the simultaneous
contribution of the energy transfer from Tb3+ ions to Eu3+ ions and the contribution
of the intensified local field on the Eu3+ ions located near silver nanostructures.

10.3.3 Modification Introduced by Different Nd2O3

Concentration on the Laser Operation of TeO2-ZnO
Glasses

Nd3+ laser emission has been reported in different glass hosts as fluorides [40–42],
chalcogenides [43], aluminosilicates [44], germanates [45], and tellurite [46–
50]. Among oxi-tellurites, the TeO2-ZnO glass deserves attention as it combines
good mechanical stability, chemical durability, and high linear and nonlinear refrac-
tive indices, together with low phonon energies (~750 cm�1), a wide transmission
window (0.4–6.0 μm) and a high rare-earth solubility [51, 52]. The large linear
refractive index (1.97) [53] of TeO2-ZnO glasses enables large stimulated emission
cross sections, normally larger than the one of phosphate glasses [54]. We review in
this section the modification introduced by different Nd2O3 concentration on the
laser operation of Nd3+-doped TeO2-ZnO (TZO) tellurite glass.

We demonstrated that continuous-wave laser action can be achieved with this
TZO bulk tellurite glass by pumping the sample inside a standard plane-concave
mirror laser cavity with different output couplers [23, 24]. The results that are
reviewed in this section together with those previously reported with higher concen-
tration of Nd2O3 (1.0 wt%) [23] could determine the adequate Nd2O3 concentration
for laser action. So we review a CW laser action in a bulk Nd3+-doped TZO glass, at
1062 nm, prepared using the melt quenching technique and with 0.5 wt% of Nd2O3.
In this case acceptable laser threshold of 73 mW was obtained as well as slope
efficiency and output mirror transmission. When compared to our previous report
[23] in which the sample was prepared with 1.0 wt% of Nd2O3, the laser action is
modest as it was obtained a low laser threshold of 8mW and a laser slope efficiency of
21%. However the results of the sample prepared with lower Nd2O3 concentration
deserve attention and are reviewed in this section as they complement those obtained
by Bell et al. [23] and also demonstrate the best concentration for low threshold pump
power [24] in TZO glass. As the objective was to test the best concentration for laser
action in order to complement the results of Bell et al., three samples were prepared
with the following concentrations of Nd2O3 (in wt%): 0.5, 2.0 and 3.0. Figure 10.7
presents the near-infrared (NIR) luminescence spectra of these samples. They were
obtained with excitation at 806 nm and consist of three broadband emissions centered
around 882, 1062 and 1335 nm associated, respectively, to the three usual Nd3+

emission transitions, 4F3/2 ! 4I9/2,
4F3/2 ! 4I11/2, and

4F3/2 ! 4I13/2.
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The three samples were tested for laser emission, using the experimental proce-
dure presented in experimental details; however true CW laser action could only be
obtained with the lowest concentration: 0.5 wt% of Nd2O3. Figure 10.8 exhibits the
results of the laser output versus the absorbed pump power obtained at 806 nm.
Threshold pump powers of 53 mW and 73 mW (as extrapolated with the straight
lines reported in the figure) and slope efficiencies of 6.6% and 8.2% were obtained
for the output coupler transmissions of 0.8% and 4%, respectively.

Table 10.1 reviews the comparison for TZO samples prepared with the different
Nd2O3 concentrations [24]. We observe that for lower concentration (0.5 wt%) laser
action is possible because of the reasonable quality achieved, attested by low internal
losses, together with a fairly long emission lifetime of about 158 μs, emission
quantum efficiency (ηQuantum) of 0.8 and a high stimulated emission cross section
(σem) of 4.2 � 10�20 cm2 for a emission bandwidth (Δλ) of 24 nm.

So the modification introduced by different Nd2O3 concentration on the laser
operation of TZO glasses is reviewed in this section and shows that it is possible to
determine the adequate concentration range for laser action. The present review also
demonstrates the adequate method for glasses preparation for solid-state laser
applications. We recall that the laser slope efficiency (21%) of the TZO sample
doped with 1 wt% of Nd2O3 is the highest obtained considering the other tellurite
glasses already reported for laser action [46–50]. A higher slope efficiency was
reported for a 60 cm long Nd-doped tellurite glass fiber (76.9%TeO2–6.0%Na2O-
15.5%ZnO-1.5%Bi2O3–0.1%Nd2O3) for which it was reported a laser slope effi-
ciency of 46% for a lasing threshold of 27 mW [55].

Fig. 10.7 NIR Fluorescence spectra of the TZO:Nd samples. They were obtained with excitation at
806 nm within the 4I9/2 ! 4F5/2 +

2H9/2 absorption band. It consists of three broadband emissions
peaking around 882 nm, 1062 nm, and 1335 nm. They are assigned to the three usual Nd3+ emission
transitions, 4F3/2 ! 4I9/2,

4F3/2 ! 4I11/2, and
4F3/2 ! 4I13/2 [24]
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Fig. 10.8 Laser output power versus absorbed pump power curves obtained after pumping the
TZO glass sample around 806 nm, for the output coupler transmissions of 0.8%, and 4% for the
TZO:0.5%Nd sample. Threshold pump powers (Pth) of 53 mW and 73 mW (as extrapolated with
the straight lines reported in the figure) and slope efficiencies of 6.6% and 8.2% were obtained for
the output coupler transmissions of 0.8% and 4%, respectively [24]

Table 10.1 Laser cavity parameters of TZO: Nd3+ tellurite glasses

Parameter

TZO:x%Nd glasses

Bell et al. [25] This work

Nd 2O3 (%wt) 1 0.5 2 3

λlaser (nm) 1062 1062 N/A N/A

λpump (nm) 806 806 806 806

ηslope (%) 21 8 N/A N/A

Pth (mW) 8 73 N/A N/A

T (%) 2.7 4 N/A N/A

τf, τR (μs) 210,217 158,198 124,182 90,162

ηQuantum (%) 95 80 68 56

Δλ (nm) 29 24 24 24

σem (10�20 cm2) 3.1 4.2 4.6 5.1

λlaser, λpump, ηslope, T, Pth, σem, τf, τR, ηQuantum and Δλ mean emission wavelength, pumping
wavelength, slope efficiency, output coupled transmission, threshold, stimulated emission cross
section, fluorescence lifetime, radiative lifetime, quantum conversion efficiency and emission
bandwidth [24]

236 L. R. P. Kassab et al.



10.3.4 Management of the Solar Spectrum Incident
on a Solar Cell Using TeO2-ZnO Glasses Doped
with Tb3+ and Yb3+ Ions as a Cover Slip

Glasses doped with Tb3+ and Yb3+ ions have been largely studied in the literature,
and their optical properties demonstrated that they are potential candidates for solar
cell applications due to their capability of transferring energy from the UV/VIS
region to the NIR region [56–63]. However only few reports [64] showed the
possibility to use them as cover slips to improve commercial solar cell efficiency.
The absence of such researches motivated us to study the possibility to use tellurite
glasses as cover slips for commercial solar cells, whose results were reported
recently [25] and are presented in this chapter. So we review the downconversion
process in tellurite glasses doped with Tb3+ and Yb3+ ions and also the modification
of the solar spectrum using these materials as cover slip to increase the efficiency of
commercially available silicon and GaP solar cells [25].

The samples were prepared by the melt quenching technique, as reported in ref
[25], using the TeO2-ZnO (TZO) composition and the following doping species:
Tb4O7 (1 and 2 wt%) and Yb2O3 (5 and 7 wt%). Figure 10.9 presents the emission in
the VIS-IR region under UV excitation (355 nm). The visible emission in the region
of 500–700 nm corresponds to the electronic transitions of 5D4 ! 7Fj ( j¼ 6, 5, 4, 3)
of Tb3+ ions. For the sample prepared with 1% of Tb3+ ion, under excitation at
355 nm, the emission at 5D4 ! 7F5 (~ 548 nm) increases for the co-doped sample
prepared with 5 wt% of Yb3+ion, whereas for co-doping of 7 wt% of Yb3+ ion, it
decreases. Also with the increase of Yb3+ enhancement of the VIS emission in the
co-doped TZO, samples can be observed under UV excitation. This is probably due
to the following cross-relaxation mechanism: the upper lying states (Tb) + 3F6
(Yb) ! 5D4 (Tb) + 2F5/2 (Yb). Concerning the IR region, the emission increases
for the sample co-doped with 5 wt% of Yb3+ ion, and decreases for the one co-doped
with 7 wt%, as can be seen in Fig. 10.3b, demonstrating that the quenching processes
is present for high Yb3+ ion concentration.

Using the measurements of the solar radiation transmittance emitted by a solar
simulator (LCS-100 Newport) through the samples using a mini-spectrometer
(HR4000 Ocean Optics) and a calibrated reference solar cell (91,150 V Newport),
it was possible to obtain the modification of the solar cell.

The solar spectrum has components in the UV-VIS-NIR region; then its interac-
tion with Tb3+- and Yb3+-doped TZO glasses modifies the solar spectrum. This
change was studied using the transmitted irradiance spectra shown in Fig. 10.10 in
which we can observe the downshift in the range of 400–800 nm and the UV
radiation reduction. These effects were attributed to downconversion mechanism
and to the absorption of the tellurite glass, respectively. The expected increase of the
radiation in the 900–1100 nm region was not observed, indicating that the interplay
between the self-absorption of the Yb3+ ion and the energy transfer process between
the Tb3+ and Yb3+ ions must be improved.
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We review the results of voltage-current for silicon and GaP solar cells covered
with TZO glasses doped with Tb3+ and Yb3+ ions that were obtained using the
experimental setup presented in Fig. 10.11 whose results are shown in Figs. 10.12
and 10.13, respectively. In Figs. 10.12 and 10.13 the undoped TZO glass results are
presented to be used as reference. Using the voltage-current results, the following
electrical parameters, shown in Table 10.2, were obtained [25]: short-circuit current
(Isc), the open-circuit voltage (Voc), the filling factor (FF ¼ VmpImp/VocIsc ), and the
efficiency (eff¼ VocIscFF/AI), where A is the cell area and I is the incident irradiance
(1000 W/m2).

Efficiency enhancement of about 7% was observed when TZO glass singly doped
with 1wt%of Tb3+ion is used as cover slip for the silicon solar cell (Eg¼ 1.1 eV);with
the addition of Yb3+ ions, the silicon solar cell efficiency decreases and assumes the

Fig. 10.9 Emission spectra
of tellurite glasses under
355 nm laser excitation. VIS
spectra for samples doped
with 1%and 2% (a) of Tb3+

ions co-doped with 5% and
7% of Yb3+ ions. (b) NIR
spectrum for samples doped
with 1% and 2% of Tb3+and
co-doped with 5% and 7%
of Yb3+ ions [25]
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lowest value for the highest Yb3+ concentration (1 wt% of Tb3+ and 7 wt% of Yb3+).
As far as we are concerned, this is the highest enhancement reported for silicon solar
cells using Tb3+/Yb3+-doped glasses as cover slips. Recently it was reported lower
enhancement of 0.34% for phosphate glasses co-doped with 1.0 wt% of Tb3+ and
0.5 wt% of Yb3+ions [65].

Fig. 10.10 Transmitted irradiance spectra for (a) samples doped with 1% of Tb3+ and (b) 2% of
Tb3+ions. IR spectra for all samples (c). The concentration of Yb3+ions was 5% and 7% [25]

Fig. 10.11 Experimental setup for the electrical characterization of Tb3+/Yb3+-doped TZO glasses
[25]
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For the case of the GaP solar cell covered with the undoped tellurite glass,
efficiency enhancement of ~1.1% was observed when covered with the same
tellurite glass but co-doped with 1% of Tb3+ and 5% of Yb3+. For the case of the
samples doped with 2 wt% of Tb3+, the efficiency increases with the Yb3+ concen-
tration, up to 5 wt% of Yb3+, and decreases for the sample co-doped with 7 wt% of
Yb3+.

So the results reviewed in the present section show that the management of Tb3+

and Yb3+ ions concentration can be optimized to modify the solar spectrum and

Fig. 10.12 V-I curves for the BPW34 solar cell covered with tellurite glass doped with (a) 1% of
Tb3+ and (b) 2% of Tb3+ions. The concentration of Yb3+ ions was 5% and 7% [25]
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increase the solar cell performance. Efficiency enhancement depends on the
rare-earth ions concentrations, and the results were attributed to the modification
of the incident radiation spectral profile in the IR region.

10.3.5 The Use of the Localized Surface Plasmon to Enhance
the Performance of Solar Cell with Eu3+-Doped TeO2-
ZnO Glasses with Silver Nanoparticles

Several publications have been reporting the spectroscopic characterization of rare-
earth-doped glasses for photovoltaic applications and also how the luminescence
increase can be obtained using metallic nanostructures [66–68]. However, few

Fig. 10.13 V-I curves for
the GaP solar cell covered
with tellurite glass doped
with (a) 1% of Tb3+ and (b)
2% of Tb3+ ions. The
concentration of Yb3+ ions
was 5% and 7% [25]
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works have been reported showing the improved efficiency of solar cells under the
modified spectrum [69–73]. More recently the SPR has also been explored to
enhance the thin-film solar cell efficiency with metallic nanoparticles incorporated
into or on the solar cell [74]. These works show that the SPR is an interesting
mechanism to improve the solar cell efficiency and is discussed in this section.

So this section focus on the review of the use of TZO glasses to enhance the
performance of commercial solar cell making use of the localized surface plasmon of
silver NPs that were responsible for a considerable enhancement of the Eu3+

luminescence as reported in ref [26]. It was shown that for excitation at 473 nm
the emissions related to Eu3+ transitions were enhanced by almost 100% due to the
enhanced local field around the silver NPs (because of the mismatch between the
dielectric function of the metallic NPs and the glass) and also to the energy transfer
from silver NPs to the Eu3+ ions [17, 20, 29, 64].

So we review the electrical characterization of commercial solar cells covered by
Eu3+-doped TZO glasses, with and without silver NPs used as cover slips [26]. It was
used the same procedure presented in the last section for the electrical characteriza-
tion of commercial silicon and gallium phosphide cells. Current-voltage (I-V)
characteristics of the modified solar cells were measured for 1000 W/m2 irradiance
using commercial silicon (BPW34 Vishay Semiconductors) and GaP (FGAP71
Thorlabs) semiconductor photocells, with energy gaps of 1.1 eV and 2.26 eV,
respectively. For the electrical characterization, the glasses were placed on top of
the solar cells without any glue or special arrangement, following the same proce-
dure used in the last section. TZO samples were prepared with the addition of Eu2O3

(1.0 wt. %) and AgNO3 (2.0 wt. %). Undoped sample (without Eu2O3 and AgNO3)
was also prepared to be used as reference. Using the I-V results presented in

Table 10.2 Electrical parameters (Isc and Voc), filling factor (FF), and efficiencies of the studied
samples

Solar cell

Matrix doping [%]

Isc (10
�5) [A] Voc [V] FF Efficiency [%]Tb Yb

BPW34 0 0 203 0.55778 0.5550 6.9818

BPW34 1 0 220 0.56136 0.5443 7.4692

BPW34 1 5 196 0.5542 0.5643 6.8110

BPW34 1 7 183 0.55076 0.5647 6.3237

BPW34 2 0 197 0.55419 0.5737 6.9597

BPW34 2 5 190 0.55072 0.5607 6.5184

BPW34 2 7 197 0.55077 0.5187 6.2527

GaP 0 0 8.16 0.56481 0.7194 0.6906

GaP 1 0 7.76 0.56126 0.7170 0.6504

GaP 1 5 8.25 0.56474 0.7193 0.6985

GaP 1 7 7.61 0.56487 0.7235 0.6480

GaP 2 0 7.29 0.55429 0.7215 0.6077

GaP 2 5 8.03 0.56481 0.7194 0.6794

GaP 2 7 7.41 0.57179 0.7194 0.6349

Uncertainty in efficiency calculation is �0.00001 [25]

242 L. R. P. Kassab et al.



Figs. 10.14 and 10.15, the short-current circuit (Isc), the open-circuit voltage (Voc),
and the current (Imp) and voltage (Vmp) at the maximum incident optical power were
obtained and allowed the calculation of the efficiency (η), the filling factor (FF), and
the efficiency enhancement (EE).

For silicon and GaP solar cells, efficiency enhancement of 7.0% and 5.4% was
observed when 1 wt% of Eu2O3 was added to the undoped sample. Efficiency
measurements of silicon and GaP solar cells covered with glasses doped with 1 wt
% of Eu2O3 and 2 wt% of AgNO3 revealed an enhancement of 14.0% and 34.5% in
comparison with the undoped sample, respectively.

So this review demonstrated another possible use of TZO glasses for solar cell
applications. In conclusion, it was possible to corroborate that the efficiency
enhancement of silicon and GaP solar cells covered with TZO glasses can be
obtained adding Eu3+ ions into the host. Also it was demonstrated that further
improvement is possible with the nucleation of Ag NPs that enabled the increase

Fig. 10.14 Electrical
characterization of silicon
solar cell covered with
undoped TeO2-ZnO glass,
Eu2O3-doped TeO2-ZnO
glass with and without Ag
nanoparticles [26]

Fig. 10.15 Electrical
characterization of GaP
solar cell covered with
undoped TeO2-ZnO glass,
Eu2O3-doped TeO2-ZnO
glass with and without Ag
nanoparticle [26]
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of the local field around the Eu3+ ion and the energy transfer from the Ag
nanoparticles to the Eu3+ ions.

Similar experiments were performed by Song et al. [75] using Tb3+- and Eu3+-
doped phosphate glasses. However in this case the glasses were not prepared with
metallic NPs; also to ensure good optical contact, a matching oil with refractive
index around 1.5 was inserted between the glass and the solar cell. So when the Eu3+/
Tb3+-doped phosphate glasses were placed on the top of amorphous and
multicrystalline silicon solar cells, the efficiency enhanced by 3.6%/3.3% and
4.6%/6.3%, respectively. In our case as the experiments were performed without
the matching oil, we intend to use it in the future in order to optimize our results.

10.4 Conclusions

In this chapter we reviewed recent studies related to different applications of tellurite
glasses prepared using the melt quenching technique. The large potential of rare-
earth-doped tellurite glasses with and without metallic NPs was demonstrated.

Different tellurite compositions (TeO2-ZnO, TeO2-ZnO-Na2O-PbO and TeO2-
PbO-GeO2) were discussed for several applications using for all the cases the melt
quenching procedure for the production of the samples. For the case of samples
prepared with AgNO3 or Au2O3, additional heat treatment was performed to enable
the nucleation of metallic NPs.

The control and improvement of the photoluminescence efficiency due to the
nucleation of gold NPs in Yb3+/Er3+-doped TeO2-PbO-GeO2 glasses was reviewed
and showed the possibility to produce luminescent materials of high performance
making use of the simultaneous enhanced local field contribution of gold NPs and
the energy transfer processes between two different rare-earth ions.

This chapter also reviewed the nucleation of silver NPs in Tb3+-doped TeO2-
ZnO-Na2O-PbO glass that contributed for the large enhancement in the blue-red
spectrum due to the presence of silver NPs and aggregates with dimensions varying
from 2 to 150 nm. The whole spectrum was intensified by the appropriate heat
treatment of the samples; also the growth of the surface plasmon resonance absorp-
tion band intensity could be observed indicating enhancement of the silver NPs
concentration with the heat treatment.

We also reviewed results of the modification introduced by different Nd2O3

concentration on the laser operation of TeO2-ZnO glasses. It was shown that it is
possible to determine the adequate concentration range for laser action. Samples
doped with 0.5 and 1.0 wt % of Nd2O3 demonstrated laser action. Threshold pump
powers of 53 mW and slope efficiency of 6.6% were obtained, for TeO2-ZnO
samples prepared with 0.5 wt% of N2O3; for higher concentration of Nd2O3

(1.0 wt%), threshold pump power of 8 mW and slope efficiencies of 21% were
obtained indicating then the best condition for laser action in Nd3+-doped TeO2-ZnO
glass.
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This chapter was also devoted to the review of the use of TeO2-ZnO glasses for
solar cell applications. It was shown that the management of Tb3+ and Yb3+ ions
concentration can be optimized to modify the solar spectrum and increase the
commercial silicon and GaP solar cells performance. Two different results were
obtained and deserve attention. Efficiency enhancement of about 7% was observed
when TeO2-ZnO glass singly doped with 1 wt% of Tb3+ ion was used as cover slip
for the silicon solar cell; on the other hand, for the case of the GaP solar cell covered
with the undoped TeO2-ZnO glass, efficiency enhancement of ~1.1% was observed
when covered with TeO2-ZnO glass co-dopedwith 1wt% of Tb3+ and 5wt% ofYb3+.

It was possible to corroborate that the efficiency enhancement of commercial
silicon and GaP solar cells covered with TeO2-ZnO glasses can be obtained by
adding Eu3+ ions or Eu3+ ions with silver NPs into the TeO2-ZnO host. In the last
case, it was the increase of the local field around the Eu3+ ions and the energy
transfer from the silver NPs to the Eu3+ ions that enabled the large solar cell
performance improvement.

In conclusion the works reviewed in this chapter demonstrated the possibility to
use tellurite glasses in different applications. In particular it was shown the large
potential for solar cell, laser action, and luminescent displays applications that
certainly motivate new studies in the near future.
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Chapter 11
Lanthanide-Doped Tellurite Glasses
for Solar Energy Harvesting

Venkata Krishnaiah K, Venkatramu V, and Jayasankar C. K.

Abstract To meet an ever-increasing energy demand, it is of prime importance to
utilize the solar energy effectively for improving the efficiency of silicon (Si)-based
photovoltaic (PV) cells. So far, Si-based solar cells are ruling the global market due
to their large availability and flexible price. On the other hand, lanthanide-doped
materials exhibit the high photoluminescence quantum yield (PLQY) in the visible
and near-infrared regions. Recently, these materials can be integrated with the Si
solar cells to create an additional electron-hole pairs through optical conversion
(upconversion and downconversion) processes. However, it is crucial to identify the
suitable materials which convert light energy into electrical energy. Lanthanide-
doped tellurite glasses have the advantages over other low phonon energy materials
(i.e., fluoride glasses) that exhibit the properties including low phonon energy, wide
transmission (ranging from visible to infrared region), and high refractive index.
Low phonon energy of tellurite glasses favors in the enhancement of
photoluminescence quantum yield for optical conversion. Moreover, high PLQY
glasses could be employed on the top and bottom of PV cells to improve the
photocurrent further. In addition, TiO2-modified lanthanide-doped tellurite glasses
may also enrich the photocatalytic activity in the visible region of electromagnetic
spectrum.
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11.1 Introduction

Effective harvesting of light is of essential prominence for the development of highly
proficient solar energy harvesting approaches such as photovoltaic (PV) and photo-
electrochemical (PEC) water-splitting devices. During the past couple of decades,
extensive studies on diverse materials and innovations in the design of a device have
been accomplished for enhancing the conversion efficiencies of such devices. The
Ln3+-doped materials exhibit broad absorption bands that are more significant for
solar energy harvesting applications. These materials having the property of spectral
conversion become unique for developing the advanced photonic devices not limited
to solid-state lasers [1–4], optical amplifiers [5], temperature sensors [6], laser
cooling of solids [7, 8], radiation-balanced lasers [9], light converters [10], image
production devices [11], light-emitting diodes [12], integrated circuits [13], and
high-density data storage [14].

Among diverse oxide glass hosts that are available, tellurite glasses are attracted a
significant interest because of their peculiar properties, viz., relatively low phonon
energy and high refractive index compared to other oxide glasses such as borate,
phosphate, and silicate glasses [15]. Low phonon energy glasses exhibit a high
photoluminescence quantum yield (PLQY), low background losses, and low
non-radiative relaxations. For example, fluoride glasses exhibit high PLQY for
various metastable states of Ln3+ ions due to its low phonon energies (~500 cm�1,
0.06 eV) [16]. However, they are not feasible for practical appliances due to their
poor chemical and thermal stability and subject to corrosion. On the other hand,
tellurite glasses have a lot of advantages including wide transmission region
(0.35–6 μm, 3.54–0.2 eV), high density, high Ln3+ ion solubility, broad bandwidth
(~80 nm, 15.49 eV), and high stimulated emission cross-section (σe � 0.75 pm2) at
1.5 μm (0.82 eV) compared to silica-based erbium-doped fiber amplifiers (EDFAs),
high mechanical and chemical stability, relatively low melting temperatures, slow
corrosion rate, high linear and nonlinear refractive indices, high dielectric constant,
and relatively low phonon energy around ~700 cm�1 (0.08 eV). These features make
them promising for wide range of photonic applications including fiber amplifiers
[16, 17], waveguide devices [18], Raman amplifiers [19], high-power mid-infrared
lasers [20], optical temperature sensors [21, 22], and supercontinuum sources
[23]. However, there is still unexploited prospective of these glasses for energy
harvesting and sustainable environment applications.

Transparent materials with high PLQY (e.g., Ln3+-doped glasses) are highly
essential to integrate with silicon photovoltaic (Si-PV) cells for enhancing their
conversion efficiency by downconversion (DC) and upconversion (UC) processes.
However, UC emission in borates, phosphates, and silicates are not very efficient
due to their high energy of phonons, which always favors non-radiative relaxations
from higher excited states of Ln3+ ions. This leads to restrict the favorable mecha-
nisms such as excited state absorption (ESA) and energy transfer upconversion
(ETU) for UC process. In this contest, low phonon energy (~700 cm�1, 0.08 eV)
tellurite glasses could be more suitable than the fluoride-based glasses (~500 cm�1,
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0.06 eV) regarding the chemical stability. Hence, significant research has been
described on Ln3+-doped and Ln3+/Yb3+ co-doped tellurite glasses for solar energy
harvesting [24–26].

So far, researchers have developed different types of solar cells for harvesting the
solar energy effectively. Moreover, continuous search on novel materials for devel-
oping Si solar cells [27], tandem or stacked solar cells [28], perovskite solar cells
[29, 30], quantum dot solar cells (QDSCs) [31], dye-sensitized solar cells (DSSCs)
[32], organic semiconducting polymers [33], and carbon nanotubes [34] is being
investigated with an aim to enhance their conversion efficiency. However, carbon
nanotubes and polymer-based solar cells are in the research stage and exhibit
interesting perceptions for the next-generation technology. Among these cells, Si
solar cells have occupied a major portion of the globe due to their large availability
with low cost and relatively higher efficiency. About 90% of the solar cells are
manufactured based on crystalline silicon (c-Si) due to its high efficiency compared
to organic or amorphous materials [35]. However, they have restricted due to their
limited efficiency [36]. So far, there is no other type of solar cells that can meet the
efficiency of the Si solar cells. But the efforts are under way to replace them in near
future with the emerging low-cost perovskite solar cells [37] as they enhanced the
conversion efficiency significantly during the past couple of years.

A major limiting issue in the conversion efficiency of PV cells is their insensi-
tivity to most of the solar spectrum. The energy dissemination of sunlight at the
standard air mass (AM1.5) covers the range of 200–2500 nm (6.19–0.49 eV) as
shown in Fig. 11.1. However, Si solar cell could absorb only the solar radiation with
energies much larger than the bandgap of 1.12 eV which matches to the wavelengths
shorter than 1100 nm. These solar cells can make use of the photons in the visible to
NIR region up to 1100 nm (1.12 eV), because these photons with high energy
surpass the bandgap energy of Si and generate the electron-hole pair. This leads to
the production of electrical energy. However, the photons in the mid-infrared (MIR)
region do not contribute as these photons do not exceed the Si bandgap. A significant
enhancement in the efficiency of solar cell could be attained if part of this energy
utilized by the Si solar cells, about 20% of the solar irradiation, has covered the
region above 1100 nm (1.12 eV) [38]. The transmission losses of the radiation are
minimized through converting the NIR (low energy) photons from the solar spec-
trum to UV/visible photons (high energy) upon the deployment of UC materials on
the rear side of the solar cell [39, 40].

Therefore, there are two mechanisms of losses in Si PV cells to restrict its
efficiency. Those are transmission and thermalization losses. These losses can be
minimized by adopting the upconverting and downconverting (quantum cutting)
materials [41], respectively. There are three approaches that are identified to boost
the Si solar cells efficiency by utilizing the solar radiation effectively. Those are
downconversion (conversion of one photon at high energy into two or more photons
at low energy), downshifting (shifting of photons into the wavelength regions that
can be exploited by the solar cell), and upconversion (conversion of two or more
photons at low-energy into one photon at higher energy).
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In order to minimize the transmission losses, different designs have been pro-
posed and developed including tandem solar cells [42], multiple exciton generation
[43], hot carrier solar cells [44], and upconversion [45]. The thermalization losses
become predominant because of the large energy difference between the bandgap of
the semiconductor and the absorbed photon. Thus, if it can renovate the high-energy
photons to photons of low energy with a quantum efficiency (QE) greater than
100%, then more number of photons can be absorbed by the Si PV device. This
will increase the photocurrent and subsequently improve the energy conversion
efficiency of the device [39]. This strategy is implemented in PV with luminescent
downshifting (similar to DC but with maximum PLQY of unity). Significant
enhancement of QE on thin-film PV modules is obtained [46]. Based on such results,
DC could be even more efficient with PLQY of 200%. Such huge efficiency initiates
from their broad absorption. The most significant property of silicon (Si) for photo-
voltaics (PVs) is its bandgap energy, 1.12 eV. This value is close to the ideal energy
gap, and it matches with the solar spectrum (1.20 eV). Third-generation PVs are able
to overcome the Shockley-Queisser theoretical efficiency (30%) limit for a single
bandgap Si solar cell.

Solar cell efficiency can be improved by an effective utilization of solar spectrum
by exploring the DC and UC Ln3+-doped materials. The transmission loss mecha-
nism can be resolved by using photon UC process in which two or more photons at
low energy harvest one highly energetic photon. The Ln3+ ions are ideal ones for
such light conversion due to their ladder-like metastable energy levels. Thermaliza-
tion loss mechanism can be resolved by DC or QC process in which one high-energy
photon (in the range of 300–500 nm, 4.13–2.47 eV) splits into two low-energy
photons (close to bandgap energy of c-Si solar cell). In addition, the use of such
materials in PV cell may fill the unexplored gaps for enhancing the solar cell
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Fig. 11.1 Blue curve shows AM1.5 terrestrial solar spectrum. Part of the spectrum highlighted in
the green is effectively absorbed by Si solar cells to convert into photocurrent. The blue shaded part
above the green can be absorbed by Si solar cells but cannot be converted to photocurrent due to
thermal losses of the excited carriers. The part shown in the blue comprises about 15% of terrestrial
solar energy and can be utilized by DC and UC processes. (Reproduced from Ref. [40], copyright
2016, Elsevier)
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efficiency by aiming with the enhancement in PLQY and conversion efficiency.
These low phonon energy Ln3+-doped tellurite glasses are found to be a suitable
for solar energy harvesting compared to traditional glasses. On the other hand, these
Ln3+-doped tellurite glasses may also be useful for photocatalysis applications for
the production of H2 as they have the ability to transform the unutilized visible and
NIR solar radiation into bandgap energy region close to TiO2 (Eg ¼ 3.2 eV).

11.2 Downconversion/Quantum Cutting

The thermalization of charge carriers is one of the key loss mechanisms, which are
produced due to the absorption of photons at high energy by the solar cell. One of the
ways is multiplication of charge carriers (e�–h+ pairs) to reduce these losses in a
solar cell, i.e., the generation of significant number of e�–h+ pairs per each incident
photon energy greater than twice the bandgap energy of the solar cell. To enhance
more number of these pairs, a different mechanism, i.e., DC/QC is shown in
Fig. 11.2, has been proposed by Trupke et al. in 2002 [47].

The DC or QC or photon cascade emission (PCE) is a process in which one highly
energetic photon (UV or visible) divides into two or more photons at low energy
(NIR or IR). This process can be enlightened by energy level diagrams of two Ln3+

ions (I and II), as shown in Fig. 11.3 [48]. Two-photon QC emission from the excited
level of a sole Ln3+ ion is shown in Fig. 11.3a. However, contrastingly photon
emission in the UV and IR (the solid lines of Fig. 11.3a) regions can also occur. This
leads to prevention of visible QC emission from sole Ln3+ ion. Figure 11.3b–d
presents the energy level structures for three ET DC processes in two dissimilar Ln3+

ions (I and II). The emission takes place from excited level in Type I ion and
transfers to an activator ion, Type II. Figure 11.3b indicates two-photon emission
in pair of Ln3+ ions from I to II by CR (denoted by “1” in circle) and ET from
dissimilar ions I to II (denoted by “2” in circle) that leads to get emission from ion
II. Figure 11.3c, d shows a CR mechanism followed by the emission of photons
simultaneously from dissimilar ions I and II. If the two-step ET process is efficient, it
is potential to achieve the QE close to 200%. The thermalization (IR region) and
transmission (UV region) losses that can always exist in a single Ln3+ ion will be
resolved with co-doping of Ln ions.

This QC process was theoretically proposed for the first time by Dexter [49] in
1957 once the QE is more than unity. It was experimentally demonstrated in 1974 by
Piper et al. [50] in Pr3+-doped YF3 and LaF3 fluoride phosphors under vacuum
ultraviolet (VUV) excitation of Pr3+ ions at 185 nm (6.70 eV). In 1999, Wegh et al.
[51] demonstrated this process with QE of 200% (two photons emitted per every
photon that is absorbed) by using both Gd3+ and Eu3+ ions in Eu:LiGdF4 phosphors
under VUV excitation of Gd3+ ions at 254 nm (4.88 eV). Since their invention, it has
been examined in diverse materials for the development of photonics devices [52]. It
was assumed that the conversion efficiency could reach as high as 38.6% by
integrating Si solar cell and a DC layer [47] under the illumination of feeble sunlight.
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Fig. 11.2 Schematic design of the DC system. The DC is placed on the top of a solar cell having
the bandgap energy, Eg. Photons with high-energy hv > 2Eg are captured by the DC and efficiently
transformed into two photons of low energy with hv > Eg, which can both be absorbed effectively
by the solar cell. In an alternative design, the DC is placed on the rear surface of the solar cell. In
both cases the solar cell and the DC are isolated from each other, and a perfect reflector is located on
the back surface of the system. (Reproduced from Ref. [47], copyright 2002, American Institute of
Physics)
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Fig. 11.3 Energy level diagrams of DC for two types of Ln3+ ions (I and II). Type I is an ion for
which emission occurs from a high-energy level. Type II is an ion to which ET takes place. (a) QC
from a single ion I by the sequential emission of two visible photons. (b) QC by a two-step ET. In
the first step (indicated by “1” in circle), a part of the excitation energy is transferred from ion I to
ion II by CR. Ion II returns to the ground state by emitting a photon in the visible region. Ion I is still
in an excited state and can transfer the remaining energy to a second ion of type II (indicated by “2”
in circle), which also emits a photon in the same region, giving a QE of 200%. (c, d). The remaining
two possibilities involve only one ET step from ion I to ion II. This is sufficient to obtain visible QC
if one of two visible photons can be emitted by ion I. (Reproduced from Ref. [45] copyright, 1999,
Elsevier)
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This value is very significant compared to 30.9% (limiting efficiency) for the same
solar cell in the absence of DC layer. Moreover, NIR QC in Ln3+/Yb3+ (Ln3+ ¼ Tb,
Tm, and Pr) co-doped oxide phosphors [53–56] have to be reported under the
excitation of Ln3+ at around blue photon. The emission of two NIR photons at
980 nm of Yb3+ ions by ET from Ln3+ to Yb3+, with an ideal QE close to 200%.
Hence, NIR QC has attracted significantly for its potential applications as the Si solar
cells highly sensitive to the radiation in wavelength range of 900–1100 nm
(1.37–1.12 eV) for releasing of charge carriers in c-Si solar cells.

Initially, research on QC has limited to single Ln3+ ions which are capable of
cascade emission. The Ln3+ ion should fulfill two requirements for efficient DC
emission from single Ln3+ ion [57]. These are (i) the bandgap energy between the
ground and excited levels that should be as large as possible to avoid multiphonon
relaxation; and (ii) the branching ratio of visible photon emission essentially as high
as possible. The energy level structure of Pr3+ ion favors the QC emission is shown in
Fig. 11.4. The VUV photons absorbed by Pr3+ ion from its ground state (3H4) and
promote to the 4f–5d levels located are above the 1S0 level of Pr

3+, the excitation
decays to the 1S0 level situated at around 47,000 cm�1 (5.82 eV). The 1S0 is
de-populated through two-step 4f2 ! 4f2 transitions, linking the transitions 1S0 !
1I6,

3PJ (~400 nm, 3.09 eV) followed by 3P0! 3FJ,
3HJ (480–700 nm, 2.58–1.58 eV).

The possibility of QC phenomenon in other Ln3+ ions such as Gd3+ [57], Tm3+ [58],
and Er3+ [59] have also been examined. It is noticed from the literature that the QE
more than 100% is not possible with a single Ln3+ ion, due to the differing emissions
in the UV or NIR regions simultaneously.

In order to achieve an efficient visible and NIR QC emissions, i.e. QE must be
more than unity, a special focus has been made on the pair of Ln3+ ions. Since these
emissions could be possible through ET which allows the excited ion transfer its
energy partially to the two acceptor ions, and each ion emits a visible photon. The QC
in pairs of Ln3+ ion-, Ce3+/Yb3+-, Pr3+/Yb3+-, Nd3+/Yb3+-, Eu3+/Yb3+-, Tb3+/Yb3+-,
Ho3+/Yb3+-, Er3+/Yb3+-, and Tm3+/Yb3+-doped systems can be understood by using
their energy level schemes, as shown in Figs. 11.5 and 11.6, and their QE is compared
in Table 11.1. To realize QC, the Ln3+-doped materials should possess a low phonon
energy to suppress the multiphonon relaxations among the energy levels of Ln3+ ions
[52]. In addition, the Ln3+-doped materials should exhibit high emission lifetime,
high external quantum efficiency (EQE), good stability, and negligible reflection to
couple the light into the excited levels of Ln3+ ions [60]. Moreover, this QC
phenomenon has also investigated in Ln3+-doped crystals and ceramics, but they
involve a lot of complexity during the fabrication compared to oxide glasses. For
these reasons, the tellurite glass is used as the host that combines the peculiar property
of low phonon energy, 700 cm�1 (0.08 eV), as it is compared to silicates (1100 cm�1,
0.14 eV) and fluoride glasses (500 cm�1, 0.06 eV) [61, 62].

The NIR QC emission of Yb3+ from Ce3+/Yb3+ co-doped 8SiO2–58CaO–
27Al2O3–7MgO–0.2Ce2O3–xYb2O3 (SCAM), where x ¼ 0.2, 0.4 and 0.6 mol %
glasses, has been evidenced under the excitation of 405 nm (3.06 eV) of Ce3+ ions
[63]. The 4f-5d transition is allowed. The lowest 5d level makes the ET efficiently
from Ce3+ to Yb3+, as shown in Fig. 11.5a. The QE is also high about 154% and also
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compared in Table 11.1. Furthermore, the emission of Yb3+ is equal to the bandgap
of Si solar cells. The Ce3+/Yb3+-doped SCAM glass sample can be used as a DC
layer for solar cells due to broad excitation band, high coefficient of absorption, and
exceptional mechanical, thermal, and chemical stability [60]. Boccolini et al. [64]
reported that an optimal thickness of the sample (0.83 mm) and an optimal doping
concentration of the Yb3+ ions (1.0 mol%) contribute to the DC process. These are
essential to minimize the self-absorption of Yb3+ ions and enhance the PLQY of the
borate glasses (70B2O3–7BaO–8CaO–14La2O3–0.5Ce2O3–1.0Yb2O3). On the other
hand, Wang et al. [65] studied the NIR QC emission in Ce3+/Er3+/Yb3+ tri-doped
oxyfluoride GCs exhibiting broader absorption bands compared to Er3+/Yb3+

co-doped GCs. The effective ET processes occur from Ce3+ to Er3+, Er3+ to Yb3+,
and Ce3+ to Yb3+ simultaneously. The addition of Ce3+ with Er3+ and Yb3+ ions
could enhance the absorption in the UV and visible regions which leads to obtain the
NIR emission in the range of 960–1040 nm (1.29–1.19 eV) with enhanced QE. This
reveals that the tri-doped Ce3+/Er3+/Yb3+ materials are promising for improving the
efficiency of Si solar cells through spectral correction.

The NIR QC emission of two NIR photons per every blue photon has been
realized in 0.1Pr3+/xYb3+-doped SiO2–Al2O3–NaF–YF3–PrF3–YbF3 (x ¼ 0.1, 0.2,
0.5, 1.0, and 1.5 mol%) silicate glasses and GCs containing β-YF3 nanocrystals
[61]. Under 482 nm (2.57 eV) excitation, the NIR emission of Yb3+ increases
significantly with increasing Yb3+ ion concentration from 0 to 1.0 mol% and
decreases slightly for 1.5 mol% Yb3+ ion concentration. The former one is due to
cooperative ET from Pr3+ to Yb3+ [66] (as shown in Fig. 11.5b), and the latter one is
due to concentration quenching. The QE found to be as high as 194% for a glass with
0.1Pr/1.5Yb. Further studies have to be planned to measure the efficiency of solar
cell on integration of DC material.

Fig. 11.4 Energy level
diagram of Pr3+ ion
presenting the QC emission
under VUV excitation.
(Reused from Ref. [52],
copyright, 2010, Elsevier)
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Costa et al. [67] investigated DC mechanism and ET efficiency of Nd3+/Yb3+

co-doped TeO2-WO3 tellurite glasses at different Yb
3+ ion concentration (0.5, 1.0,

2.0, and 4.0 mol%) and a fixed Nd3+ ion concentration (1.0 mol%). It is found that
the NIR emission of Nd3+ disappears and emission of Yb3+ enhances significantly
with increasing Yb3+ ion concentration as high 4.0 mol%. It is evidenced that the
non-radiative relaxations are negligible for high Yb3+ concentration which boosts
the ET efficiency. The ET mechanism, CR channels, excitation, and de-excitation
processes were visualized in Fig. 11.5c. The ET efficiency through CR of high Yb3+-
doped sample found to be as high as 96%. Due to these excellent properties, the
TeO2-WO3 glass system could be considered as a potential candidate to integrate
with c-Si solar cells for enhancing its efficiency.

Fig. 11.5 Energy level diagrams: (a) Ce3+ and Yb3+ ions in Ce3+/Yb3+ co-doped silicate glass
showing the NIR QC emission under 405 nm (3.06 eV) excitation. (Liu et al. [63], copyright, 2014,
Elsevier). (b) Pr3+ and Yb3+ ions in Pr3+/Yb3+ co-doped oxyfluoride glass-ceramics, exhibiting the
NIR QC emission through cooperative ET mechanism under excitation at 482 nm (2.57 eV). (Chen
et al. [66] copyright, 2008, Elsevier). (c) Nd3+ and Yb3+ ions in Nd3+/Yb3+ co-doped tellurite
glasses under 476 nm (2.60 eV) excitation, indicating NIR QC through CR between Nd3+ ions
(CR1) and Nd3+ and Yb3+ ions (CR2 and CR3). (Costa et al. [67] copyright, Wiley). (d) Eu3+ and
Yb3+ ions in Eu3+/Yb3+ co-doped YAG phosphor showing QC DC under excitation at 394 nm
(3.15 eV). (Lau et al. [69] copyright, 2012, Elsevier)
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The NIR QC emission of Yb3+ ion has been explored by Smedskjaer et al. in Eu3+/
Yb3+ co-doped silicate glass andGCs [68], Lau et al. [69] in YAG phosphors (3.0 mol
% of Eu3+ and 5.0 mol% of Yb3+), and Qiao et al. in LiYb(MoO4)2 phosphors [70] for
their possibility to integrate with solar cells. Under 394 nm (3.14 eV) excitation, there
is an intense NIR emission at 1030 nm (1.20 eV) of Yb3+:2F5/2 ! 2F7/2 due to
cooperative ET (as shown in Fig. 11.5d) from Eu3+ to Yb3+ in YAG phosphors.
The QE found to be as high as 144% [69]. The NIR emission of Yb3+ increases
initially (0.01 to 8.0 mol% of Yb3+) and starts to decease (8.0 to 10.0 mol% of Yb3+)
with increasing Yb3+ ion concentration under 266 nm (4.66 eV) excitation of Eu3+ ion

Fig. 11.6 Partial energy level diagrams: (a) Tb3+ and Yb3+ ions in Tb3+/Yb3+ co-doped tellurite
glasses showing the NIR QC under 355 (3.49 eV) and 482 nm (2.57 eV) excitations. (Luciano et al.
[71], copyright, 2016, Elsevier); (b) Ho3+ and Yb3+ ions in Ho3+/Yb3+ tellurite glass-ceramics
showing the NIR QC mechanism under 360 nm (3.44 eV) excitation, CR (cross-relaxation),
BET (back energy transfer). (Zhou et al. [72], copyright, 2014, Wiley); (c) Er3+ and Yb3+ ions
in Er3+/Yb3+ co-doped tellurite glasses showing the NIR QC under 488 nm (2.54 eV) excitation.
(Figueiredo et al. [73], copyright, 2015, Elsevier); (d) Tm3+ and Yb3+ ions in Tm3+/Yb3+

co-doped germinate glass showing the NIR QC emission under 356 (3.48 eV) and 467 nm
(2.65 eV) excitations. (Zhang et al. [75], copyright, 2010, Wiley)
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due to cooperative ET [69]. In addition to the variation of Ln3+ ion concentration, the
heat-treated (500, 540, 560, 580, and 600 �C for 8 h under H2/N2 atmosphere) Eu3+

(1.0 mol%)/Yb3+ (1.0 mol%) silicate glasses exhibit high NIR emission of Yb3+

under 325 nm (3.81 eV) [68].
Recently, Luciano et al. [71] have explored the DC properties of Tb3+- and Yb3+-

doped tellurite glasses (85.0TeO2–15.0ZnO–Tb4O7 (1 and 2 wt%)–Yb2O3 (5 and
7 wt%), (TZTY)). The emission intensity of Yb3+ increased for a glass with 5.0Yb3+/
1.0Tb3+ ion concentration and decreased for 7.0Yb3+/1.0Tb3+ in Tb3+/Yb3+-doped
tellurite glasses under 355 nm excitation. This is due to ET between Tb3+ and Yb3+

Table 11.1 Comparison of quantum efficiency of the co-doped downconverting Ln3+/Yb3+:
systems

S. No. Host matrix Ln3+ ions

Excitation
wavelength
(nm)

Quantum
efficiency
(%) Ref.

1 Borate,
70B2O3–7BaO–8CaO–14La2O3–

0.5Ce2O3–1.0 Yb2O3

Ce3+/Yb3+ 305
(4.06 eV)

150 [64]

Silicate, 8SiO2–58CaO–27Al2O3–

7MgO–0.2Ce2O3–0.6 Yb2O3

405
(3.06 eV)

154.3 [60]

2 Oxyfluorotellurite, 48.5TeO2–30ZnO-
10YF3–10NaF–0.5Pr2O3–1.0Yb2O3

Pr3+/Yb3+ 440
(2.82 eV)

166 [78]

3 Tellurite, 95(0.8TeO2 + 0.2WO3)–
1.0Nd2O3–4.0Yb2O3

Nd3+/Yb3+ 532
(2.33 eV)

196 [67]

4 Yttrium aluminum garnet (Y3Al5O12,
YAG): 3.0 Mol% Eu2O3 and 5.0
Yb2O3 Mol%,

Eu3+/Yb3+ 394
(3.14 eV)

144 [69]

5 Tellurite,
85.0TeO2–15.0ZnO–Tb4O7 (1.0 wt%)
and Yb2O3(5.0 wt%)

Tb3+/Yb3+ 355
(3.49 eV),
482
(2.57 eV)

113 [71]

6 Tellurite, 75TeO2–20ZnO–5Na2O–
0.5Ho2O3–10Yb2O3

Ho3+/Yb3+ 360
(3.44 eV),
449
(2.76 eV)

160, 165 [72]

7 Oxyfluorosilicate,
32SiO2–31.5CdF2–18.5PbF2–
9AlO1.5–5.5ZnF2–3.5(ErF3,YbF3)

Er3+/Yb3+ 378
(3.28 eV)

199.4 [79]

Tellurite,
95.5(0.8TeO2 + 0.1Li2O + 1.0TiO2)–
0.5Er2O3– 4Yb2O3

488
(2.54 eV)

156 [73]

8 Germanate,
Tm0.05Yb0.5La0.94AlGe2O7

Tm3+/Yb3+ 356
(3.48 eV),
467
(2.65 eV)

159.9 [75]

Transparent ceramics,
(Tm0.01 Y0.94Yb0.05)O3

464
(2.67 eV)

136 [80]
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ions and it is pictured in Fig. 11.6a. The emission intensity that decreases with
increasing Yb3+ ion concentration is due to concentration quenching. As can be seen
from Table 11.1, the QE is found to be 113% for 5.0Yb3+/1.0Tb3+-doped glasses.
The single and co-doped Tb3+/Yb3+ tellurite glasses have been placed on the top of
the commercial Si and gallium phosphide (GaP, Eg ¼ 2.26 eV) solar cells. An
enhancement of efficiency was observed with a dependence on the Ln3+ ion con-
centration due to the modification of the incident radiation in the IR region. The
efficiency of the Si and GaP solar cells found to be 7.46% and 0.69%, respectively.
In addition to glasses, Zhang et al. [54] reported the NIR QC phenomenon from
one-dimensional (1D) Tb3+/Yb3+-doped YbxGd1 � xAl3(BO3)4 nanorods. The
results reveal that the QE of 1D YbxGd1 � xAl3(BO3)4 nanorods found to be as
high as 196% in the NIR region under 485 nm (2.55 eV) excitation. In principle,
efficient DC material, in an ideal case, converts photons of visible region into two or
more photons at NIR region. These Tb3+/Yb3+-doped YbxGd1 � xAl3(BO3)4
(1D) nanorods have a possible potentiality in realizing high-efficiency Si solar
cells by DC of the green-to-UV part of the solar spectrum to 1.0 μm (1.23 eV)
photons with almost twice the number of photons.

The tellurite glasses with composition, 75TeO2–20ZnO–5Na2O–0.5Ho2O3–

xYb2O3 (x ¼ 0, 0.7, 1, 3, 5, 10, 20), have been explored by Zhou et al. [72] for the
NIRQC emission at 977 nm (1.27 eV, 2F5/2! 2F7/2) fromYb3+ and 981 nm (1.26 eV,
5F5 ! 5I7,) and 1020 nm (1.21 eV, 5S2 ! 5I6) from Ho3+ under both excitations at
449 nm (2.76 eV) and 360 nm (3.44 eV) of Ho3+ ions. An enhancement of Ho3+ NIR
emission at 1193 nm (1.04 eV) due to Ho3+:5I6! 5I8 transition has been explained by
back ET from Yb3+ to Ho3+. The ET mechanism between Ho3+ and Yb3+ ions is
visualized in Fig. 11.6b. The QE of NIR emission found to be as high as 166% for a
glass with 20 mol% of Yb3+ ion concentration. It is observed that these three NIR
emissions could be absorbed by Si and improve the efficiency of the silicon-based
solar cell.

Figueiredo et al. [73] have observed the DC/QC emission in Er3+/Yb3+ co-doped
TeO2–Li2O–TiO2 glasses at different Yb3+ ion concentration and a fixed Er3+

ion concentration (0.5 mol%). The NIR QC emission at 980 nm (1.26 eV) of Yb3+

increased with increasing Yb3+ ion concentration under 488 nm (2.54 eV) excitation
due to ET from Er3+ to Yb3+. This ET between Er3+ and Yb3+ ions is visualized in
Fig. 11.6c. This ET efficiency found to be as high as 156%. On the other hand, NIR
QC emission at 977 nm (1.26 eV) of Yb3+ has been observed in 1.0Er3+/1.0Yb3+-
doped 80TeO2–20WO3 by Pandey et al. [74] under 325 nm (3.81 eV) excitation. The
emission intensity of co-doped glass is enhanced around 14 times compared to the
single ion-doped glass.

The QC emission at 1.0 μm (1.23 eV) of Yb3+ has been investigated by Zhang
et al. [75] in Tm3+/Yb3+-doped La2O3–Al2O3–GeO2 germinate glasses under
467 nm (2.65 eV) excitation and found that the QE is as high as 159.9%. At the
similar excitation wavelength, the QC emission in Tm3+/Yb3+-doped SiO2–Al2O3–

LiF–GdF3–TmF3–YbF3 oxyfluorosilicate glasses has been observed by
Lakshminarayana et al. [76] with a QE of 187% for 0.5Tm3+/30Yb3+. The GCs
containing nanocrystals exhibit better QE compared to their parent glass [77]. The
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ET mechanism from Tm3+ to Yb3+ ions is envisioned in Fig. 11.6d. However, Tm3+-
Yb3+-doped tellurite glasses have to be explored in this direction.

Recently, Chen et al. [81] have been applied the different strategies by selecting
the two activator ions, Er3+ and Tm3+, due to large radiative rates, high QEs, and
excellent prospects for different applications. They observed the QC phenomenon in
Er3+ and Tm3+ co-doped 70TeO2–25ZnO-5La2O3–8Er2O3–0.5Tm2O3 (TZLET)
tellurite glasses and tested their feasibility for Ge solar cells. It is interesting to
note that the luminescence intensity at 1800 nm (0.68 eV) enhanced (around
20 times) significantly for the Er3+(8%)/Tm3+(0.5%) co-doped TZLET tellurite
glasses compared to those of the single Tm3+(0.5%) glass and 5.0 times more than
that of single Er3+(0.5%)-doped tellurite glasses. Significant multiphoton NIR QC
phenomenon from novel Er3+-Tm3+ ion pairs has been perceived. This can facilitate
for the development of next-generation environmentally friendly Ge solar cells. In
addition, these glasses could be used to construct NIR light sources by exciting with
GaN LEDs.

To evaluate the actual performance of the Ln3+-doped QC materials, which
should exhibit the QE close to 200%, on the photoelectric conversion efficiency,
these materials can be used as DC layer which can be placed on the front surface of
solar cell.

11.3 Upconversion

Upconversion (UC) is a process of converting two or more photons of low energy
into one photon of high energy. This process has been reported for the first time by
Auzel [82] and later on evidenced in a wide variety of Ln3+-doped tellurite glasses
[83–92]. The researchers have been concentrated extensively on Tm3+-, Er3+-, and
Er3+/Yb3+-doped materials for their feasibility to integrate them to the Si solar cells.
There are different types of UC mechanism that are proposed in Ln3+ ions which
include excited state absorption (ESA) [93], energy transfer upconversion (ETU) or
Addition de Photon par Transferts d’Energie (APTE) [94], cooperative UC [95], and
photon avalanche (PA) [96].

The transmission of radiation is another loss mechanism in Si solar cells. These
losses can be eliminated by adopting the impurity photovoltaic (IPV) effect which
was proposed by Wolf [97] in 1960. He suggested that the doping of impurities with
bandgap energies more or less similar to the bandgap of solar cell material may
reduce the transmission losses. Another way is the use of light convertor. This
converts the photons at low energy that are transmitted from the solar spectrum to
the photons at higher energy, which can be utilized by the solar cell. This was
experimentally evidenced by Gibart et al. [98] in 1996 by using Ln3+-doped GC at
the rare face of the substrate-free GaAs (Eg ¼ 1.42 eV) solar cell. The efficiency of
the cell has been enhanced to 2.5% under the excitation at a laser power of 1.0 W of
891.3 nm (1.39 eV) laser through APTE process.
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Trupke and co-workers [39] in 2002 have been proposed a PV system design that
consists of a bifacial single junction solar cell and an upconvertor as shown in
Fig. 11.7. The solar cell is made up of a martial having the bandgap energy, Eg. The
upconvertor transforms photons of low energy transmitted by the solar cell into
photons of high energy. The overall efficiency of c-Si solar cell with the presence of
an upconverter boosts from 30% to 37.4% under one-sun illumination. In the Er3+/
Yb3+ ion pair, the Yb3+ provides a high absorption cross-section at 980 nm
(1.26 eV), and the Er3+ offers the emission at blue, green, and red wavelengths.
The other solar cell technologies with large bandgap energy were tested with this
system. In 2005, Shalav et al. [39] applied the Yb3+/Er3+:NaYF4 UC phosphor to the
back surface of the bifacial Si solar cell and studied its responsivity. The PLQY and
external quantum efficiency (EQE) of NaYF4:Yb

3+/Er3+ were found to be 3.8% and
2.5%, respectively, under the excitation at 5.10 mW of 1523 nm (0.82 eV) laser. The
UC mechanism among the Er3+ ions is shown in Fig. 11.8. In 2010, Wild et al. [99]
have applied NaYF4:Yb

3+/Er3+ nanophosphor to a-Si solar cells and illuminated
under 980 nm (1.26 eV). However, the efforts are under way to develop more stable
and efficient upconvertors.

Recently, Venkata Krishnaiah et al. [25] have been investigated the Er3+-doped
74TeO2–(18–x)WO3–8ZrO2–xEr2O3 (x ¼ 0.01, 0.5 and 3.0 mol%), named as
TWZE, tellurite glasses at different Er3+ ion concentration for solar energy applica-
tions. The UC emission spectra of Er3+-doped TWZE glasses acquired under
1500 nm (0.83 eV) laser excitation are shown in Fig. 11.9, and their emission is
displayed in the inset of Fig. 11.9. It is observed that a high UC emission intensity at
975 nm (1.27 eV) has been observed for 3.0 mol% Er2O3-doped TWZE glass
compared to 0.01 and 0.5 mol% Er2O3-doped TWZE glasses. The ETU is confirmed
from the temporal evolution studies that are responsible for observed UC emissions,
which is in good agreement with the proposed simple rate-equation model. The
optimum sample is 3.0 mol% Er2O3-doped TWZE tellurite glass which was placed
on the top of the Si solar cell to study the photocurrent of the cell. It is found that the

Fig. 11.7 An upconverter-based solar cell design consists of an upconverter and a solar cell. The
photons of sub-bandgap transmitted from the solar cell are partially converted into photons of high
energy, which are consequently absorbed by the solar cell. An insulator is placed between the
convertor and solar cell. A reflector is placed backside of the upconverter. (Reproduced from Ref.
[39], copyright 2002, American Institute of Physics)
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photocurrent enhanced significantly with the presence of TWZE glass. No photo-
current was observed in the absence of glass sample under 1500 nm (0.83 eV)
excitation.

Recently, Balaji et al. [26] investigated the ET dynamics of Er3+/Yb3+-doped
75TeO2–15BaF2–5AlF3–(5–x)LaF3–xErF3–1.0YbF3 (x ¼ 0.5, 1.0, 2.0, and 3.0 mol
%), labeled as TBALFEY, oxyfluorotellurite glasses under the excitation of 1550 nm
(0.79 eV) for improving the efficiency of c-Si solar cell. With increase of Er3+

ion concentration, the photocurrent enhanced significantly, and the optimum Er2O3
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Fig. 11.8 Energy level showing the three-step UC mechanism of Er3+ ion. The ET from Er3+ ion
(the sensitizer) to a neighboring Er3+ ion (activator) leads to emission of photons at higher energy.
Absorption (up) and emission (down) of photons represented with solid arrows, ET represented
with dotted lines, and curved lines represented the non-radiative channels. In the two-step UC
process, photons with energies higher than the bandgap of Si are emitted. (Reproduced from Ref.
[39], copyright 2005, Elsevier)

Fig. 11.9 Upconversion
(UC) emission of Er3+-
doped TWZE glasses with
different Er3+ ion
concentration under
1500 nm (0.83 eV) laser
excitation. The TWZE glass
is placed on the top of the
solar cell that emits bright
green UC emission which is
shown in the inset. The
excitation was performed
right angle to the surface of
sample. (Reproduced from
Ref. [25], copyright 2017,
Elsevier)
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concentration is about 3.0 mol%. It also increases with increase in the power of the
incident laser. The photocurrent of Si-PV has been enhanced significantly around
fourfold in the presence of Er3+/Yb3+ co-doped TBALFEY glass compared to Er3+-
doped TBALFEY glass and a bare PV cell, as shown in Fig. 11.10. The photocurrent
enhanced significantly which can be understood on the basis of ET mechanism
between Er3+ and Yb3+ ions upon excitation at 1550 nm (0.79 eV). The influence of
Er3+ ion concentration and pump power on the ESA and ETU mechanisms and their
effect on the UC emission has been elaborated. The significance of ESA or ETU
processes were described by considering the de-excitation dynamics of NIR UC
emission under 1550 nm (0.79 eV) excitation.

The Er3+-Yb3+ co-doped 50TeO2–(49.4–x)PbF2–0.6Er2O3–xYb2O3 (where
x ¼ 0, 0.6, 1.2, 1.8, 2.4, 3.0, and 4.2 mol%), named as TPFEY, oxyfluoride tellurite
glasses with different Yb3+ ion concentration have been investigated by Yang and
co-workers [24] for their feasibility to couple them with PV cells. An intense UC
emission at 527 nm (2.35 eV), 544 nm (2.27 eV), and 657 nm (1.88 eV) corresponds
to the Er3+ transitions, and the maximum was obtained for 1.8 mol% of Yb3+ and
0.6 mol% of Er3+. High intensity of UC emission has been noticed for 2.4 mol% of
Yb3+-doped glass upon excitation at 100 mW laser power of 980 nm (1.26 eV) laser.

Fig. 11.10 Photocurrent of Si-PV cell in combination with TBALFEY tellurite glasses upon
1550 nm laser excitation. (a) Effect of power of laser at 1550 nm (0.79 eV) for different Er3+

ion concentration. (b) Effect of Er3+ ion concentration under excitation at 50 mW constant laser
power. Top inset shows the photocurrent of Er- and Er/Yb-doped TBALFEY tellurite glasses at
different laser powers. Bottom inset shows the bright UC emission of TBALFEY glass under
1550 nm laser (0.79 eV) excitation. (Reproduced from Ref. [26], copyright 2016, Elsevier)
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This glass has been placed at the back face of a-Si solar cells in combination with a
rear reflector. It is worth mentioning that a significant enhancement of efficiency of
0.45% has been obtained under both the presence of AM1.5 and 400 mW of 980 nm
(1.26 eV) laser radiation. The EQE of a solar cell is defined as the ratio of the number
of photo-induced e�–h+ pairs to the number of incident infrared photons, which
increases with increasing the power of incident laser for TPEEY glass with 0.6 mol%
of Er3+ and 0.6 mol% of Yb3+ ions. The PLQY and maximum EQE found to be
1.35% and 0.27%, respectively, were achieved at 300 mW of 980 nm laser excita-
tion. The J-V properties of a-Si solar cells co-excited with AM1.5, and UC emission
radiation are presented in Fig. 11.11, where the incident light is perpendicular to the
solar cell and a glass. From the results, it is understood that the open-circuit voltage
(VOC) remains almost the same, but the short-circuit current density (JSC) and fill
factor (FF) initially increase and then reach saturation with increasing the power of
laser. As a result, the conversion efficiency increases from 4.25% to 4.70%.

The UC broadband emission at 800 nm (1.55 eV) of Tm3+-doped fluoride glasses
(with molar composition in mol%, 37.5InF3–20SrF2–20BaF2–20ZnF2–2.5TmF3)
has been utilized for solar cell applications. The Tm3+ ions absorb photons at
the NIR region and transfer their energy through UC process from the 3F4 level to the
3H4 excited level followed by the emission of photons at 800 nm (1.55 eV), which
correspond to the 3H4 ! 3H6 transition. These photons can be absorbed by a Si solar
cell which leads for the creation of additional e+–h� pairs and then enhance the
overall photocurrent [100].
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The prime importance of the grouping of solar cell and upconvertor is to enhance
the efficiency significantly without any alteration of the solar cell itself. The PLQY
of the UC tellurite glasses is to be optimized by doping different Ln3+ ion pairs to
enhance the efficiency of Si solar cells. In this direction, there is plenty of work
required to make use of Ln3+-doped tellurite glass as an upconvertor.

11.4 Photocatalytic Activity

The other way to harvest the solar energy is photocatalysis process in which the
water is fragmented into hydrogen (H2) and oxygen (O2) in the presence of
photocatalyst. The mechanism of photocatalysis [101] is shown in Fig. 11.12. The
photocatalytic properties of photocatalyst were derived from the formation of photo-
induced charge carriers (h+ and e�) which arises under the absorption of ultraviolet
(UV)/visible light. The photo-induced h+ in the valence band (VB) diffused to the
surface of photocatalyst and respond to water (H2O) molecules that are adsorbed.
This leads to produce hydroxyl (OH�) radicals. The photo-induced h+ and the OH�

ions oxidize nearby organic molecules on the surface of photocatalyst. In the
meantime, the e� in the conduction band (CB) usually participates in the reduction
and reacts with O2 in the air to produce superoxide radical anions (O2

•�). This type
of mechanism can be utilized extensively in the fields of environmental applications
such as water decomposition, microbe destruction, toxin removal, water decontam-
ination, hazardous waste remediation, and water purification [102–106]. The H2

energy is considered as renewable, ideal, and clean energy for the future. The
decomposition of water into H2 and O2 is an environmentally friendly approach
that can be realized under UV [107] and visible light illumination [108].

Titanium dioxide (TiO2) is an excellent photocatalyst and demonstrated its
photocatalytic performance as it can split water into H2 and O2 [109]. The bandgap
energy of TiO2 is 3.2 eV. Photocatalytic response of amorphous TiO2 is negligible
compared to crystalline TiO2 as the crystalline structure reduces the recombination

Fig. 11.12 Formation of
photo-induced charge
carriers (h+ and e�) under
the influence of UV and
visible light. (Reproduced
from Ref. [101], copyright
2012, Elsevier)
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of photo-induced e� and h+ pairs [110]. Since its invention, several semiconductor
photocatalytic candidates were proposed and investigated that include Fe2O3

(2.0–2.2 eV) [111], CdS (2.4 eV) [112], ZnS (2.5 eV) [113], BiTiO3 (2.5 eV)
[114], WO3 (2.8–3.0 eV) [115], ZnO (3.2 eV) [116], SnO2 (3.7 eV) [117], and
ZrO2 (3.25–5.1 eV) [118] for harvesting H2 from water. These catalysts cannot only
be used to transform less intense solar energy to high-density storable H2 but also for
mineralizing the environmental contaminants. However, the efficiencies of these
processes are not up to the mark to become economically viable.

It is desirable to develop an innovative and efficient method for pollutant removal
and energy production. In this direction, photocatalysis-based wastewater/pollution
treatment is one of the passionate topics among the researchers. In this scenario, Ln3+

-doped glasses are coated with photocatalytic materials, such as TiO2, to achieve
photocatalytic activities on the surface of glass including self-cleaning properties.
However, these coatings have maintenance issues due to leaching problems. The
powder-based semiconductor photocatalyst has a lot of difficulties including sepa-
ration, dispersion, and collection of photocatalyst for industrial applications. Powder
catalyst also induces impurities in water during catalysis, and a separate process is
required to extract the particles from the water. The fabrication of a photocatalyst
using a photoactive glass plates could resolve these issues and is easier to apply for
large-scale operations. The self-cleaning property will widely extend the applica-
tions of these kinds of multifunctional glasses in the architecture and other fields.

Even though various photocatalysts are available in the recent times, TiO2 has
several advantages such as high photocatalytic activity, strong oxidizing ability, good
chemical stability, long durability, safeness, nontoxicity, transparency to visible light,
and low costs [98, 119]. However, its wide bandgap allows it to absorb the UV light
(around 380 nm, 3.26 eV), leading to a least utilization of visible light [120]. To
improve the absorption ability of TiO2 in the visible region and enhance its
photocatalytic activity, several strategies have been employed including the doping
with nonmetals, transition metals, and Ln3+ ions [121–123]. One of the promising
approach to improve the visible light absorption is doping of photocatalysts with Ln3+

ions, which have shown tremendous potential as dopants not only shift the absorption
region but also improve the photocatalytic activity of TiO2 [123]. Usually, Ln3+-
doped TiO2 exhibits excellent luminescent properties. Thus, beside visible emission
under UV excitation, these materials can also present UC luminescence. This process
results in transformation of the light from NIR and visible spectral range into the UV
wavelengths, which is the reason for increasing interest and genuine requirement of
TiO2 photocatalysts. Particularly, those dopants are Ln3+ ions which have broad
absorption in the UV, visible and NIR regions through DC and UC processes. In
the recent times, the Ln3+-doped TiO2 has been employed extensively as a
photocatalyst in photocatalysis process. The best photocatalytic performance has
been evidenced for the platinum-coated 0.5 mol% Gd2O3-, Eu2O3-, Yb2O3-, and
Ho2O3-doped TiO2 particles [124].

Visible light-induced photocatalytic activity of tellurite glasses has been explored
for the production of H2, self-cleaning, and estrogenic pharmaceutical pollutants.
Transparent glasses of composition (100 � x) TeO2 � xCaCu3Ti4O12, where
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x ¼ 0.25–3 mol%, have been synthesized by the melt-quenching technique
[125]. An appropriate amount of crystalline phase of CaCu3Ti4O12 was first synthe-
sized by using oxalate route [126] and was added to the TeO2 and melted at 850 �C
for 30 min in a platinum crucible. The photographs of as-synthesized tellurite glass
samples are shown in Fig. 11.13. The glass samples were annealed at 500 �C,
550 �C, and 600 �C for 2 h to induce the photocatalytic crystals in tellurite glass
matrix. The size of these crystals was found to be 10 nm. A higher photocatalytic H2

production rate has been observed as high as 135 μmole h�1g�1 for the crystalline
phase of 3CaCu3Ti4O12-97TeO2 glass sample under visible light excitation. The
evolution of H2 with respect to time for the GC plates of CaCu3Ti4O12-TeO2 with
different amounts of CaCu3Ti4O12 for the decomposition of H2O into H2 is shown in
Fig. 11.14. The linear behavior of graph clearly shows the stable evolution of H2, not
observed without a catalyst glass plate or in the dark. In addition, self-cleaning

Fig. 11.13 Images of xCCTO–(100–x)TeO2 glasses with photocatalytic crystals concentration (A)
x ¼ 0.25 mol%, (B) x ¼ 0.5 mol%, (C) x ¼ 1.0 mol%, (D) x ¼ 2.0 mol%, and (E) x ¼ 3.0 mol%
(Reprinted with from Ref. [125], copyright, 2017, SPIE)
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performance of these nanocrystalline tellurite glasses has also been observed using
contact angle measurements for water under dark and light conditions. These visible
light active nanocrystalline GCs are a cost-effective sustainable solution for water
treatment, H2 production, and self-cleaning applications [125].

11.5 Conclusions

The state of the art of Ln3+-doped transparent glasses and glass ceramics, in particular,
tellurite glasses, for solar energy harvesting by downconversion, upconversion, and
photocatalysis has been presented.Quantum cutting through downconversion process
in Ln3+-dopedmaterials has been employed in different Ln3+ pairs including Ce3+/Yb
3+, Pr3+/Yb3+, Nd3+/Yb3+, Eu3+/Yb3+, Gd3+/Eu3+, Tb3+/Yb3+, Ho3+/Yb3+, Er3+/Yb3+,
and Tm3+/Yb3+ to overcome the thermalization losses in c-Si solar cells. Among
these, Nd3+/Yb3+, Gd3+/Eu3+, and Er3+/Yb3+ co-doped materials show high quantum
efficiency (QE) close to 200%. Such high QE materials at 1.0 μm (1.23 eV) wave-
length can be integrated with c-Si solar cells (Eg ¼ 1.1 eV) to further enhance its
conversion efficiency. For these, Er3+- and Yb3+-doped systems are highly
recommended as their emission matches the bandgap energy of Si.

A variety of upconverting materials have been studied with an aim to reduce the
transmission losses of solar cell, among these Er3+ and Yb3+ ion-doped low phonon
energy tellurite glasses, are promising. Such upconvertors can be integrated to solar
cells having the bandgap energies 1.1 eV (c-Si), 1.8 eV (a-Si), and GaAs (1.48 eV)
for the enhancement of their overall efficiency by reducing the transmission losses.
Still efforts are under way to find the best suitable materials for these purposes and
may be resolved in the near future.

The Ln3+-doped materials can also be extended to harvest solar energy by
photocatalysis process. There are different photocatalysts including Fe2O3

(2.0–2.2 eV), CdS (2.4 eV), ZnS (2.5 eV), BiTiO3 (2.5 eV), WO3 (2.8–3.0 eV),
ZnO (3.2 eV), TiO2 (3.2 eV), SnO2 (3.7 eV), and ZrO2 (3.25–5.1 eV); their
performance was investigated and it was concluded that TiO2 could be the best
photocatalyst. However, the TiO2 has been extensively studied due to their superior
properties. The aim of using the Ln3+-doped photocatalytic materials is to enhance
the absorption of sunlight through upconversion and downconversion/quantum
cutting other than the region of photocatalyst. The nanocrystalline-doped Ln3+ :
tellurite systems may find potential for improving the efficiency of solar cells and
photocatalytic activity by utilizing the solar radiation effectively. The other possi-
bility is the purification (i.e., elimination of the unwanted transition metal impurities)
of the starting reagents that could enhance the QE, which leads to improve the
overall efficiency of the PV and photocatalytic devices.
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Chapter 12
Development of Bioactive Tellurite-
Lanthanide Ions–Reinforced
Hydroxyapatite Composites for Biomedical
and Luminescence Applications

S. H. Nandyala, P. S. Gomes, G. Hungerford, L. Grenho, M. H. Fernandes,
and A. Stamboulis

Abstract Human skeletal bone loss is a major health concern in the twenty-first
century, with massive socioeconomic implications. The objective of the current
work is to develop and characterize bioactive tellurite glasses for biomedical appli-
cations. As so, tellurium oxide- (TeO2) and lanthanide (Ln3+)-doped borate host
systems have been developed and incorporated in a hydroxyapatite (HA) matrix,
being adequately characterized regarding solid-state parameters and for in vitro
biological response. In the proposed work, the following scientific questions will
be addressed: Will the reported tellurite-lanthanide (Te-Ln3+) host glass-reinforced
hydroxyapatite (HA) ceramic materials influence the cell behavior, such as prolifer-
ation and differentiation? Does this Te-Ln material show any luminescence
response? Further, the research on lanthanide-based materials is promising, with
potential application in prospective medical applications. Consequently, investiga-
tion into the role of Te-Ln3+-HA host scaffold materials for bone repair is a relatively
new approach that deserves a special attention.
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12.1 Introduction

Human skeletal bone loss and infection are the major health concern in the twenty-
first century with massive socioeconomic implications. In Europe, it is estimated that
around 25,000 patients die annually because of infections caused by resistant
bacteria translating into an estimated costs of EUR 1.5 billion per annum. Globally
it was estimated that around 700,000 deaths result from antimicrobial resistance.
Unless action is taken, this is projected to rise to 10 million deaths each year by 2050,
with the added impact of a cumulative $100 trillion of economic output at risk due to
the rise of drug-resistant infections [1–7].

Tellurium oxide (TeO2) glass is a smart material, and it plays a multi-role in the
composition of innovative materials, being potentially useful in the enhancement of
luminescence and biological properties. In a preliminary work, the tellurium oxide
(TeO2) and lanthanide (Ln

3+) ion-doped glass host systems have been developed and
incorporated in the hydroxyapatite (HA) matrix for their in vitro biological studies.
The research on lanthanides materials for medical applications is promising but
requires further investigation. The role of Te-Ln3+-HA host scaffold materials for
bone repair is a relatively innovative approach that deserves a special attention, as
shown in the schematic diagram Fig. 12.1. The objective is to develop bioactive-
based Te-Ln3+ ion-doped host glasses for biomedical and luminescence applications.

Tellurium (symbol Te and atomic number 52) exhibits great biological potential.
According to Ba and Cunha [8, 9], the usage and potential of tellurium in biological
applications is at its beginning. It has long appeared as a nearly “forgotten” element
in biology, but over the last decade, several discoveries have led to an increased
interest in this element. The toxicology of tellurium has received less attention than
that of selenium, and historically it has found application in the treatment of

Fig. 12.1 A schematic representation of Te-Ln3+-HA composites
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microbial infections. Prior to the discovery of antibiotics, it was used in the treatment
of syphilis and leprosy. Another potential application of tellurium is that of an
antisickling agent of red blood cells in the treatment of sickle cell anemia and in
immunomodulating drugs [8, 9]. There were no reports of acute intoxication caused
by this element. It has also found usage in the metallurgic industry to improve the
mechanical properties of steels and other ferrous alloys [10]. Tellurium was discov-
ered in 1782, by Franz Müller von Reichenstein, although he was unable to identify
it. The metal was first isolated in 1798 by Klaproth, who was interested in the work
of Müller. He also suggested its name, which derives of the Latin “tellus,” meaning
earth [10]. In the context of the work presented here, tellurium dioxide (TeO2) is a
conditional glass former.

Hydroxyapatite (HA), Ca10(PO4)6(OH)2, has been widely used as a bone substi-
tute due to its chemical similarity to the inorganic matrix of natural bone, excellent
osteoconductivity, and bioactivity. The major drawback of HA is its poor mechan-
ical properties, especially brittleness and low fracture toughness. Therefore, it cannot
be used in load-bearing applications. To overcome these disadvantages, HA has to
be combined with other materials [11–13].

Lanthanide ions (Ln3+), also known as rare earths [14], are a group of elements
from lanthanum to lutetium (Z ¼ 57–71), plus scandium (Z ¼ 21), and yttrium
(Z ¼ 39). Lanthanides have been previously shown to display an effective
antibacterial activity and to further modulate bone metabolism, broadly due to
their affinity to calcium interaction sites [15]. Webster et al. reported that HA
doped with divalent and trivalent cations exhibited enhanced bone regenerative
properties [16]. Sooraj et al. have also studied lanthanide-doped HA composites
for bone tissue applications and reported that osteoblasts response to these materials
was improved [17]. It has been also been reported that bioactive, luminescent, and
mesoporous europium-doped hydroxyapatite has interesting properties as drug car-
rier [18]. Thus, the incorporation of Ln3+ into hydroxyapatite may represent a great
advantage for innovative drug development. Therefore, in the present study, we used
lanthanum oxide (La2O3).

12.2 Fabrication of Te-Ln3+-HA Composites

In literature, there are no studies to our knowledge relating to tellurium-doped
hydroxyapatite. However, in a recent study by Mohd Shkir et al. [19], nanorods
and nanosheets of pure and Te-doped HAp with different tellurium concentrations
have been fabricated by microwave-assisted technique at low temperature. An
improved mechanical and antimicrobial effect against some pathogenic gram-nega-
tive bacteria, gram-positive bacteria and yeast, has been observed [19]. In another
study, tellurite-containing glass ceramics showed a better bioactivity during the
in vitro test than that of the silicate [20]. Since last two decades, Sooraj et al.
have been working on different tellurium, borosilicate, borophosphate, and zinc
borosilicate host glassy materials. The research team also reported CaO-P2O5
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glass-reinforced hydroxyapatite composites for bone regenerative applications
[11, 12, 21]. In a similar way, the present Te-Ln3+-HA composites have been
prepared. The fabrication procedure has two parts: the first part is the glass prepara-
tion (Ln3+ ion-doped tellurite borosilicate) in the following composition of
LaTe ¼ 100-x (B2O3-SiO2-Na2O-CaO-TeO2- xLn

3+) (where x ¼ 0.5 & 2 mol% of
Ln3+¼ La2O3) by a melting-water quenching technique at 1000 �C, using a porcelain
crucible, for an hour. The melt was then quenched in water. The obtained glass frit
was dried at 80 �C overnight prior to crushing and then sieved to less than 75 microns.
After the glass preparation, the Te-La3+ glass-reinforced hydroxyapatite compos-
ites (second part) were obtained by the mixture of 5 wt% of LaTe glass with 95 wt%
of hydroxyapatite (HA) powder. A commercial HA powder (Urodelia SA, France)
with a particle size of 75 microns was used in the composite preparation. In order to
ensure an effective mixing, the HA and glass powders were mixed for 3 h, in dry
conditions in aWAB T2F turbula. The composite powders were used to prepare disks
by uniaxial pressure at 10 MPa, and sintered in a furnace, at 1300 �C for 1 h, using a
2 �C/min heating rate followed by natural cooling inside the furnace. A schematic
fabrication design of the composite is shown in Fig. 12.2. The developed composites
are abbreviated as GRHA-0.5(Te-0.5La-HA) and GRHA-2 (Te-2La-HA).

12.3 Luminescence Performance of Ln3+ Ion-Doped
Tellurite Host Glasses

Aschematic indicating different techniques that can be used for the characterization of
Ln3+-doped tellurite host glass is shown in Fig. 12.3. There are many reports in the
literature showing the good glass-forming abilities for different lanthanide ions as
dopants in glass hosts such as silicates, borates, phosphates, tellurite’s, etc., enabling a
wide variety of applications [21]. Among them, TeO2-based glasses are reported to
have good optical transparency, stability, and a good moisture resistance
[21]. TeO2 hosts have become more attractive and important for different potential
applications, such as in the development of laser glasses and in optical communica-
tions [22–26]. In fact, the TeO2 belongs to an intermediate class of glass-forming
oxides; it does not readily form a glass but can do sowhen it ismixedwith certain other
oxides such asB2O3, P2O5, andSiO2. It has been reported that pure borate glasses have
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Bone  infection & 
regeneration Therapy 

Te-Ln3+-HA
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(Powder  
< 75µm) 

Te-Ln3+-HA disc
ø = 10mm

10 mm

5 mm

Lanthanide (Ln3+)
ions doped tellurite
boro silicate host

glass < 75µm 

Hydroxyapatite (HA)
< 75µm

Fig. 12.2 A schematic fabrication design of a Te-Ln-HA composite
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phonon energies in the order of 1300–1500 cm�1, tellurite (~700 cm�1), germanate
(~900 cm�1), silicate (~1100 cm�1), and phosphate glasses (~1300 cm�1). The
glasses with low phonon energy are more suitable as a host material and enable higher
quantum efficiency of photoluminescence performance along with longer-lived
excited states. Therefore, the addition of glass former or modifier reduces phonon
energy significantly. The distinguishing feature of these tellurite-based glasses is that
the atomic network appears more open than in other glasses, as the Te-O bond in
tellurite glasses is easily broken, and thus it is advantageous for use with lanthanide
ion dopants [27, 28].

Because of the selective absorption of light in the visible spectral region by the
lanthanide ions, solutions or solids containing lanthanide ions have a specific color.
Binnemans and Gorller-Walrand [14, 29] have considered in detail the color caused
by the 4f-4f transitions of lanthanide ions. The color of each lanthanide ion was
predicated based on the position and the intensity of the absorption bands. They also
reported that only intraconfigurational 4f-4f transitions are responsible for the color
of trivalent lanthanide ions [14]. Further, colors are not identified with a unique
wavelength but by a wavelength interval. The color of lanthanide ion even changes
from host to host and depends also on the light source used. The yellow-to-blue
luminescence intensity ratios and color chromaticity coordinates of the Dy3+-doped
lithium tellurofluoroborate glasses have also been estimated to evaluate the white-
light emission as a function of Dy3+ ion concentration [30] and luminescence
investigations of Dy3+-doped yttrium calcium silicoborate glasses for cool white
LED applications [31].

Sooraj et al. have reported the energy level structure, bonding, band intensities, and
radiative properties of theNd3+-doped borotellurite glasses [32]. The effects of change
in the alkali cations (Li, Na, andK) in the glass chemical compositionwere verified. In

Fig. 12.3 A schematic different characterization techniques for Ln3+ ion-doped tellurite borosili-
cate host glass
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another work, an IR-transmitting circular glass window of Nd3+-doped
borophosphate tellurite system has been reported [32]. The results shown were very
encouraging, and this glass is an ideal optical material for development of the intense
lasing action at 1.06 microns due to the 4F3/2 !4I11/2 transition. In another work,
erbium oxide (0.5–4 mol %)-doped lithium borotellurite glasses have been reported
and characterized for NIR emission band at 1.53 μm. By pumping with LED excita-
tion sources at 495 nm and 970 nm, a broader emission transition (4I13/2! 4Il5/2) and
lifetimes (τmea) of NIR luminescence transitions 4I13/2! 4I15/2 have shown [33] in
Figs. 12.4 and 12.5.

12.4 Time-Resolved Decay Measurements of Different
Glasses

It should be noted that luminescent transitions can present different lifetimes. There
is one problem associated with steady-state luminescence (SSL) techniques, where
only an average of the individual contribution of different environments or lumines-
cent centers is observed and hence valuable information can be missed. Time-
resolved emission spectroscopy (TRES) can be used to help elucidate the distribu-
tion and different centers in the samples [34, 35]. Time-dependent spectral shifts are
usually studied by measurement of the time-resolved emission spectroscopy
(TRES).This technique is a very sensitive analytical method for structure investiga-
tion in more detail. It depends strongly on the kind of active ion, its local site, and site
distribution in the given host matrix. Moreover, overlapping bands can often be
discriminated by time-resolved spectroscopy provided the emitting levels have
different decay times [36–38].

Measurements were done through a HORIBA Scientific FluoroCube, again with
DeltaDiode excitation, and a H10330-75 detection module close coupled to the
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timing electronics using a CFD-2G amplifier/discriminator. The DeltaDiode laser
excitation sources (emitting at 478 nm and 808 nm) were operated in “burst mode”
with the 100 MHz excitation pulse chain automatically gated using the DataStation
software. Time-resolved emission spectra (TRES) were made by recording the time-
resolved decay at equal wavelength steps for a fixed time period. This produced an
intensity – wavelength – time, i.e., 3-D, dataset as shown in Figs. 12.6 and 12.7.
Both simple decay and global analyses of the TRES data were performed using
DAS6 software. Decays were fitted as a sum of exponential components of the form

I tð Þ ¼
Xn

i

αi exp �t=τið Þ ð12:1Þ

with the “amount” of each luminescent component represented by the normalized
pre-exponential factor, i.e.,

αi ¼ αi
Pn

i¼1
αi

ð12:2Þ

Goodness of fit was assessed by evaluation of the reduced chi-squared value and
weighted residuals. The outcomes of the global analysis of the TRES data were then

Fig. 12.6 Time-resolved decay-associated spectra of NIR emission transition (4I13/2! 4Il5/2) decay
trends for erbium oxide (0.5 mol %)-doped calcium phosphate glass. Left (λex ¼ 478 nm) and right
(λex ¼ 808 nm) (unpublished data)
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treated to produce decay-associated spectra by plotting (using Origin software) the
pre-exponential components weighed by their lifetime, against wavelength.

Er3+ emission spectra (0.5 mol%) acquired at different periods of time are shown
in Fig. 12.6 with two different pumping sources (478 nm and 808 nm). Exciting the
0.5 Er sample at 478 nm, the NIR emission transition (4I13/2 ! 4Il5/2) seen in the
steady-state spectrum, can be described by two component spectra. It is dominated
by a component spectrum associated with a lifetime of 919 μs, with a smaller
contribution from a spectrum associated with a lifetime of 224 μs. Similarly for
2 mol% Er3+-doped glass, presented in Fig. 12.7, the transition exhibits a dominant
longer-lived (τ¼ 240 μs) decay. Another feature that can deduced from these spectra
is the bands shifting. It is not very pronounced, but it takes place. Also a shoulder,
near the peak, on the shorter-lived spectra is not properly observed but is evident in
the longer-lived decay-associated spectra. Moreover, the bands’ broadening is not
constant for all decay-associated spectra. Thus, these results reinforce the idea that
the microenvironment of ion sites changes their spectroscopic properties. Further-
more, the time-resolved decay-associated spectra of different lanthanide (Eu3+ and
Tm3+) ion-doped tellurite borosilicate host glasses also show the same trends (date
not shown).
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Fig. 12.7 Time-resolved decay-associated spectra of NIR emission transition (4I13/2! 4Il5/2) decay
trends for erbium oxide (2 mol %)-doped calcium phosphate glass. Left (λex ¼ 478 nm) and right
(λex ¼ 808 nm) (unpublished data)
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12.5 Osteoblastic Cell Response of Te-Ln3+-HA Composites

The biological response to developed glass-reinforced hydroxyapatite materials was
conducted with human bone marrow-derived stromal cells (hBMSCs), given the
prospective application of the composites for bone tissue applications.

hBMSCs (Stemcell Technologies, Grenoble, France), with a immunophenotypic
profile of �90% for CD73, CD90, and CD105 and <5% for CD14, CD34, and
CD45, assessed by flow cytometry, were cultured in α-Minimal Essential Medium,
supplemented with 10% fetal bovine serum, 50 μg/ml ascorbic acid, penicillin
(10 units/ml)/streptomycin (2.5 μg/ml), and 2.5 μg/ml fungizone, at 37 �C, in a
humidified atmosphere of 5% CO2 in air. Cells of the fourth passage were used for
the composites’ biological evaluation.

Sterile material samples were placed in 24-well tissue culture plates and seeded
with a cell density of 105 cells/cm2. Cultures were grown for 7 days. HA samples,
with similar microtopographic surface characteristics to the developed composites,
were used as a control material. Seeded Te-Ln3+ glass-reinforced composites and
HA samples were characterized by confocal laser scanning microscopy (CLSM) for
the assessment of the cell/biomaterial interaction, cell proliferation (total DNA
content), and alkaline phosphatase (ALP) activity as shown in Figs. 12.8 and 12.9.

12.5.1 Assessment of the Cell/Biomaterial Interaction: CLSM
Analysis

For CLSM observation, live cells were stained with MitoSpy Red CMXRos
(Biolegend, Germany), at 150 nM, for 15 min. The cells were then fixed (3.7%
paraformaldehyde, 15 min), permeabilized (0.1% Triton in PBS, 5 min), and incu-
bated with a solution of 10 mg/ml of bovine serum albumin with 1 μg/ml RNAse in

Fig. 12.8 Representative CLSM images of hBMSCs grown for 3 days on the surface of HA and
GRHA-2. Cells were stained for mitochondrial localization (red), F-actin cytoskeleton (green), and
nucleus counterstaining (blue). Inset corresponds to a high magnification image of the GRHA-2
micrograph, delimited by the white box. Scale bar: 100 μm (low) and 50 μm (high) magnification
images
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PBS (1 h). Cell cytoskeleton filamentous actin (F-actin) was stained by treating the
cells with 5 U/ml Flash Phalloidin™ Green 488 (Biolegend, Germany) (20 min).
Cultures were counterstained with DAPI (0.1 μg/ml), mounted in Vectashield, and
visualized on a Leica SP2 AOBS microscope. Representative images are shown for
3-day cultures grown over HA and GRHA-2 as shown in Fig. 12.8.

Cells grown on HA presented an active mitochondrial activity, as evidenced by
the red staining of the used mitochondrial probe, particularly focused on the
perinuclear region. Comparatively, cells grown on GRHA-2 presented a more
intense staining, further polarized around the nucleus. The perinuclear arrangement
of the mitochondrial staining has been previously associated, on cells growing over a
material surface, with a cytocompatible profile, as opposing to a scattered mitochon-
drial arrangement broadly associated to cell toxicity [39]. On both HA and GRHA,
the perinuclear mitochondrial arrangement was evident, sustaining the adequacy of
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both substrates to endure cell functionality. Of additional relevance, a higher probe
signal intensity was attained on cells growing on developed GRHA composites,
which seems to correlate with a higher mitochondrial membrane potential and higher
cellular metabolic activity [40].

CLSM further allowed the assessment of cell morphology. Phalloidin staining for
cytoskeletal F-actin evidenced, on seeded HA, an elongated cell structure, with a
high cytoplasmic spreading and dense actin stress fibers. At the cells’ border,
abundant filopodia – thin, actin-rich plasma-membrane protrusions that extend out
from the cell edge – could also be easily identified. A similar structure and organi-
zation could be acknowledged on cells grown over GRHA. Furthermore, it is also
evident, particularly at the high magnification inset, the organized filopodial pro-
cesses expanding isotropically. Filopodial structures were shown to contribute to
microenvironment probing of the cells, further assisting on the modification of the
surrounding extracellular matrix (ECM) and also facilitating the intercellular com-
munication. Furthermore, these adhesion structures appear to consolidate the adhe-
sive interaction with the substrates, modulating cellular cascades that regulate cell
behavior, further enhancing cell survival and proliferation [41].

12.5.2 Assessment of the Cell Proliferation and Functional
Activity (ALP Activity)

Cell proliferation was estimated by total DNA quantification, and functional activity
of hBMSCs was determined by the assessment of ALP activity. For the DNA assay,
cultured cells were lysed with 0.1% Triton X-100, and DNA content was determined
by the fluorimetric PicoGreen DNA quantification assay (Quant-iT™ PicoGreen®
dsDNA Assay Kit, Molecular Probes Inc., Eugene). Fluorescence was measured at
480 and 520 nm, excitation and emission, respectively, in a Synergy HT, Biotek,
ELISA system.

ALP activity was assessed in cell lysates by the incubation with p-nitrophenyl
phosphate (in an alkaline buffer pH 10.3; 30 min, 37 �C) and measuring the
conversion to p-nitrophenol at λ¼ 400 nm, in a Synergy HT, Biotek, ELISA system.
ALP levels were normalized to total protein content, previously quantified by the
Bradford’s method.

On cultures grown over HA, total DNA content, a measure of cell proliferation,
increased throughout the assayed culture period. Comparatively, cultures established
on the two formulations of GRHA (GRHA-0.5 and GRHA-2) presented higher
levels and were found to attain statistical significance at day 3 and 7 of culture,
suggesting an increased cell proliferation on cultures established on the composites’
surface as shown in Fig. 12.9.

ALP activity was also found to be increased on cultures grown on both compos-
ites’ surface, at day 7. Within the osteogenic differentiation process, ALP is synthe-
sized during early extracellular matrix organization, assisting on the hydrolysis of
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organic phosphates and ensuring the microenvironmental conditions for the mineral
deposition and matrix mineralization [42]. It is further commonly used as an early
marker of the in vitro osteogenic differentiation process [42].

Despite the absence of literature addressing the biological behavior of tellurite-
containing biomaterials for bone tissue applications, attained data is in line with
previous observations of cell culture studies conducted on other lanthanides-
containing composites. For instance, lanthanum-doped HA was found to enhance
the proliferation and osteoblastic differentiation of osteoblastic cells [16], whether
samarium-reinforced HA promoted the adhesion and proliferation of human
osteoblastic-like populations [43]. Also cerium-containing substrates were found
to promote the adhesion and proliferation of osteoblastic cells [44]. Taking it all
together, a strong body of evidence converges to the idea that HA doping with
lanthanides enhances cell response, improving adhesion, proliferation, and differen-
tiation processes. Lanthanides may contribute to modulate surface chemical proper-
ties of the composites, influencing protein adsorption, which has a great impact on
determining the subsequent cell activity [45]. In addition, lanthanides, being unable
to cross cell membranes, may also interfere with membrane-bound signalling mech-
anisms, particularly those regulated by ionic calcium, as the Ca-sensing
receptor [46].
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Absorption

coefficient, 118, 119, 123, 124
cross section, Sm3+, 114
edge, 117, 119, 122, 123
emission wavelengths, 112
UV-Vis-NIR spectroscopy (see UV-Vis-

NIR absorption spectroscopy)
Absorption spectrum fitting (ASF) method, 72
Adatoms, 107
Addition de Photon par Transferts d’Energie

(APTE), 261
Alkaline phosphatase (ALP), 284, 286–287
Amorphization, 106
Amorphous, 111, 118, 119, 122–124
Applications of tellurite glasses

amorphous silicon solar cells, 8
biomedical, 13
DC electrical conductivity, 8
gold nanoparticles, 11
NIR emission properties, 12
noncrystalline solid, 10
optical, 11
photonic, 9
radiation shielding, 9
solar cell, laser and luminescent

display, 12
solar energy harvesting, lanthanide-doped

tellurite glasses, 12, 13
solar energy technology and laser devices, 9
structural and luminescence properties, 9,

11
thermoluminescence (TL) mechanism, 8
thermometry, 11
Yb3+ concentrations, 8

Artificial neural network (ANN) technique, 1
Asymmetrical distribution, electrons, 130
Avogadro’s number, 121

B
Band gap

energy, 125
optical, 123

Band tail, 119, 120, 124, 127
Barium fluorotellurite (BFT) glasses, 172
Beer-Lambert’s law, 52, 118
Binary glasses synthesis, 108
Blue-red spectrum, 227, 231–234
Bonding parameter and nephelauxetic ratio,

129–132
Bone marrow, 284
Bradford’s method, 286
Branching ratios (βR), host glass network,

57–59, 63
Broadening mechanisms, 110

C
Carbon nanotubes, 251
CdS nanocrystals, 43, 44
Chalcogenide, 107
Chemical reaction, manufacturing of glass

material, 106
Cluster, RE ion, 108, 112
Coherent oscillations, NPs, 113
Conduction band, 115, 117, 119, 124, 135
Cooperative upconversion (CUC), 157
Corrosion resistance, 106
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Cross-relaxation (CR), 188
Crystalline

absorption edge of, 118
direct and indirect transitions, 119
Ln ions, 111
long-range order, 119
materials, 109
and optical centers, 110
quartz, 108
Urbach energy, 120

Crystallization, 108, 109, 132
Cytoskeleton, 285

D
DAS6 software, 282
Decay curve analysis, 61, 62
Delocalization, 129
Derivation of absorption spectrum fitting

method (DASF), 73
Dielectric medium, 113, 116
Differential scanning calorimeter (DSC), 150
Differential thermal analyzer (DTA), 150
Dipole-dipole mechanism, 112
Dipole-quadrupole mechanism, 112
Direct transition

crystalline materials, 118
non-crystalline materials, 119
photon energy, 119
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Dye-sensitized solar cells (DSSCs), 251
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Effective atomic number, Zeff, 21, 22
Efficiency

fluorescence, 108
luminescence, 106, 107, 116, 135
optical scattering, 114
plasmon excitation, 108
quantum, 106, 112

Elastic moduli, 68, 88
Elastic scattering, 115
Electrical conductivity

NPs, 114
thermal stable glasses, 95
TVSbx systems, 87

Electrical properties
AC, DC and dielectric constant, 7
dielectric constant and loss factor, 7
theoretical analysis, 7

Electric field, 114–116, 138
Electrodynamics effect, NPs, 113
Electron cloud, 129
Electronegativity, 130
Electronic energy, 117
Electronic transitions, 110
Emission

bands, 135
energy, 136
ET, 107
frequency, 107
intense narrow-band, 111
large, 112
light, 134
photon, 115
profile, 135
radiative, 107
RE ions, 114
Sm3+ ions, 108, 111
spectra, 135
transition probability, TSWD glasses,
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wavelengths, 112

Energy conversion technology, 35–41, 43
CdS/CdTe multijunctions (see

Multijunctions, solar cell
applications)

materials, 29
PbTe quantum-dot multilayer (see PbTe
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photon conversion processes (see Photon

conversion processes)
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photoluminescence spectra, 34
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PVPS, 30
RTD activities, 31
RTD efforts, 30
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shell-seed structure, 35
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Fermi level, 115
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Indirect transition
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Irradiation, 106
Isotropic substances, 121

J
Judd-Ofelt analysis

absorption bands, 52
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Dy3+ ion-doped TSWD glasses, 53
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crystalline, 108
glass, 128
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Local field, gold NPs, 106, 107, 114, 116,
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Localized states, Au NPs, 128
Localized surface plasmon resonance
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Lorentz-Lorenz equation, 121
Luminescence
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properties, 106, 107
quenching, 107, 112
range, 111
RE ions, 114, 116
Sm2+, 111
strong, 112
visible, 107

Luminescence NP (LNPs), 180
Luminescent thermometers (LNThs), 180

band shape, 182
bandwidth-based thermometry, 182
infrared thermography, 181
intensity-based thermometry, 182
lifetime-based thermometry, 183, 184
luminescence spectral position

thermometry, 182
optical interferometry, 181
optical nanothermometry, 181
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thermoreflectance, 181

M
Mass attenuation coefficient, μ/ρ

Beer-Lambert law, 18
energies, tellurite glasses, 20
interaction, 18, 20
photoelectric effect, 20
silicate and borate glasses, 21
TeO2-V2O5 and TeO2-V2O5-TiO2, 20
values, 19
WinXCOM program, 19

Mean free path (MFP), 22, 23
Mechanical properties, tellurite

glasses, 8
Mechanical strength, metallic NPs, 116
Melt quenching, 106
Metallic NPs, 116, 117
Metal nanoparticles, 220–221
Metal oxide glasses, 107
Mie scattering, 115
Migration and coalescence of NPs, 107
Mitochondrial activity, 285
Modifier, alkali, 108
Molar absorption, 118
Molar refractivity, 121, 128
Molar volume, 68, 73, 74, 87, 88
Molten, 108
Morphology, particles, 132
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Multijuntions for solar cell applications
bandgap, 43
CdTe semiconductor material, 43
design, CdSe/CdTe dual junction cell, 44
values, 43

Multipole formation, Au, 116
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Nanoglass plasmonic, 113–115
Nanoscale, Au NPs, 116, 132
Nanoscience, 113
Nanostructures, metallic NPs, 113
Nanotechnology, 113
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Noble metallic nanoparticles (NPs), 144
Non-bridging oxygen (NBO), 68, 74, 85, 92,
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Non-crystalline materials, 118, 119
Nonlinear optical properties, 106, 108, 110, 116
Non-radiative (NR), 144
Novel applications, nanotechnology, 113
Nucleation, 106, 108, 226, 243

O
Optical activators, RE ions, 109
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Optical bandgap

ASF, 72
DASF, 73
molar refractivity and metallization

factor, 74
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electronic polarizability, 73
optical absorption and determination, 71
oxygen packing density and molar

volume, 74
refractive index, 75
Tauc’s method, 71, 72
TeO2-V2O5-AyOz, 82, 86

absorption spectra, ASF and
DASF, 76

analysis, optical absorption, 76
ASF and DASF outcomes, 82
behavior, 85
collected data, 77, 78
conditions, 82
ion polarizability, 87

m-index estimation, 85
mole fraction, 76
OPD vs. V2O5, 86
optical basicity, 87
optical fibers, 81
refractive index, 89
stability, 88
structural changes, 87
structural properties, 76
ternary tellurite-vanadate oxide

glasses, 83
TVAg20, 88
ultrasonic velocities, 88
UV-visible spectroscopy, 76
UV-Vis spectrum, 89
variation, 82

Optical centers, 110
Optical communications, 114
Optical gain, 108, 112
Optical parametric oscillator (OPO),

171, 228
Optical properties

IR and Raman spectroscopy, 7
linear and nonlinear refractive

indices, 6
tellurite glasses embedded with Au NPs,

108, 109, 117, 134
absorption, UV-Vis-NIR (see UV-Vis-

NIR absorption spectroscopy)
applications, 106
dopants (see Dopants)
energy transfer, 107
glassy state (see Glassy state)
investigations, 107
luminescence properties, 106
metallic, 106
PL (see Photoluminescence spectral

analysis)
plasmonic, 113–116
RE-doped tellurite glass, 116, 117
surface plasmon resonance, 132–134
techniques, 106
vitreous materials, 108

ultraviolet absorption (UV), 7
Optical spectrum analyzer (OSA), 228
Optics spectrometer, 228
Optoelectronic devices, 114
Optothermal properties, TMOGs, 71–99

characterization, 68
multicomponent, tellurite-vanadate oxide

glasses (see Tellurite-vanadate
oxide glasses)

optical bandgap (see Optical bandgap)
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Optothermal properties (cont.)
parameters, 68
Te-based and tellurite-vanadate glasses, 68
TeO2-based glasses

characteristics/advantages, 68
fabrication and characterization

methods, 69–71
thermal stability, 68

Organic semiconducting polymers, 251
Osteoblastic cell, 284–287
Osteoconductivity, 277
Ostwald ripening, 107
Oxyfluorotellurite glasses

ceramics, 144
electronic and bonding structures, 143
Er3+-doped glasses

conventional photophysical
properties, 160

DTA characteristics, 164
effect of silver NPs, 164
fluorescence intensity ratio, 163
fluorotellurite glass, 163
infrared-to-visible upconversion

processes, 162
intensity of, 160
luminesce properties, 163
NIR emission spectra, 167
non-radiative energy transfer, 160
quantitative estimation, 162
RE ions and metallic nanoparticles

(NPs), 163
steady-state and time-resolved

spectroscopies, 162
tellurite glasses, 161, 166
thermal properties, 166
TZLFEr glasses, 161
upconverted near-infrared

emissions, 161
Urbach energy, 164
zinc-tellurite glasses, 160

glasses, 145, 146
ion-ion interactions, 156, 157
lanthanide ions, 152–155
lifetime and non-radiative decays, 155–156
Nd3+-doped, 167–169
noble metallic nanoparticles (NPs), 144
non-radiative (NR), 144
optical fiber amplifiers, 158
photonic applications, 144
Pr3+-doped, 169–172
rare-earth (RE) ions, 144, 152
rate equations, 159
Sm3+-doped, 172

solid substances, 143
spectroscopic properties, 145, 152
tellurite glass, 146–148
thermal properties, 150, 151
zinc oxides, 144

Oxygen molar volume, 68, 70, 74, 75, 83, 88,
92, 93

Oxygen packing density (OPD), 68, 74, 83

P
PbTe nanocrystals

absorption spectra, 41, 43
fabrication, 41
Fourier transform, 41
in-plane distribution, 42
low magnification, 42
QDs, 41

Permittivity, metal, 138
Perovskite solar cells, 251
Perturbations, 111
Phalloidin™, 285
Phonon energy, 279
Phosphorescence, 135
Photocatalysis, 266, 267, 269
Photo-electrochemical (PEC), 250
Photoluminescence spectral analysis, 134–136,

138, 139, 228, 279
Photon avalanche (PA), 261
Photon cascade emission (PCE), 253
Photon conversion processes

absorption, emission and energy transfer, 38
attenuation coefficient spectra, 39, 40
electron transitions, 41
glass compositions, 38
luminescence spectra, 36
NIR emission spectra, 39
PV cells, 35
upconversion (UC) processes, 35
UV-Vis-IR attenuation spectra, 36

Photonic
applications, 109
properties, 107

Photovoltaic pannels, thermal stable glasses,
95, 97–99

Photovoltaic power systems (PVPS), 30
Physical properties, tellurite glasses, 6, 8

ANN, 1
applications (see Applications of tellurite

glasses)
effects, erbium and erbium nanoparticles, 2
electrical, 7
mechanical, 8
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noncrystalline solids, 1
optical, 6, 7
solar cells, 1
solid-state physics, 1
statistical distribution, 2
TeO2 and binary TeO2-WO3 glass, 2
thermal (see Thermal properties)

Plasmonic, see Nanoglass plasmonic
Platinum, 114
Polarizability

electronic, 128
glasses, 121
Lorentz-Lorenz equation, 121

Polarized light, 115
Praseodymium, 213
Praseodymium-doped fiber amplifiers

(PDFA), 213
Pump excitation, 107

Q
Quantum dot solar cells (QDSCs), 251
Quantum dots (QDs), 180
Quartz, 108
Quenching, 106–108, 112, 116, 117, 136–138

R
Radiation shielding properties, 18

calculation, 18
concrete shields, 17
EBF, 24, 25
effective atomic number, Zeff, 21, 22
HVL and MFP, 22, 23
interaction, 18
mass attenuation coefficient (see Mass

attenuation coefficient, μ/ρ)
materials, 18
neutrons, gamma rays and X-rays, 17
removal cross section, fast neutrons

∑R, 23, 24
sources, 18

Radiative
emissions, 107
lifetimes, 57, 58, 61, 135
relaxation, 136

Radioisotope thermoelectric generators
(RTGs), 32

Raman spectroscopy, 7
Rare-earth ion-doped nanoparticles

(RE-NPs), 180
Rare-earth (RE), 144
Rayleigh scattering, 115

RE-doped tellurite glass, 116, 117
RE ion-doped glasses

Er3+-doped glasses
Boltzmann thermal distribution, 189
ESA, 188
FIR technique, 190
and fluorotellurite-based glasses, 188
FUC emissions, 192
hypersensitive transitions, 190
luminescence decay, 189
normalized temperature evolution, 191
optical temperature sensing, 189
temperature dependence of, 192
thermalization process, 190
ytterbium ions, 190

Nd3+-doped, 193–197
optical thermometry, 187
thermal sensing, 187

RE oxides, 109–113
Refractive index, 107, 120, 121, 128, 129, 134
Refractive index and description of optical

susceptibility, 75
Removal cross section for fast neutrons ∑R,

tellurite glasses, 23, 24
Renewable energy, 106
Resonance, 107

S
Samarium ion (Sm3+), 108, 111, 112, 114, 116,

120, 121, 123, 124, 130, 132, 133,
136–138

Second harmonic generation (SHG), 157
Seebeck effect, vanadate glasses, 93, 94
Sensitizer, 112
Sensor, 108
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shielding properties
Silicate, 277, 279
Si solar cells, 251
Sodium tellurite, 112, 132, 133
Solar energy harvesting approaches

downconversion/quantum cutting
bandgap energy, 253
DC mechanism and ET efficiency, 257
DC system, 254
Energy level, 257
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ET mechanism, 260
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Solar energy harvesting approaches (cont.)
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Yb3+ ion, 258
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Ln3+-doped materials, 250
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photo-electrochemical (PEC), 250
photonic applications, 250
photovoltaic (PV), 250
property of spectral conversion, 250
quantum efficiency (QE), 252
solar spectrum, 252
transparent materials, 250
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measures, 63
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method, 227
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