
Chapter 14

Plasmon Assisted Luminescence in Rare
Earth Doped Glasses

M. Reza Dousti and Raja J. Amjad

Abstract Incorporation of metallic nanoparticles in rare earth doped oxide glasses

has been introduced as an interesting method to enhance their optical properties.

Controlling the size and shape of metallic nanoparticles is a challenging issue which

depends strongly and ambiguously on concentration, time and temperature of heat-

treatments. In this chapter, we firstly revisit the importance of materials science in

general and the rare-earth doped glasses in particular. The performance of rare earth

ions in glassy matrices, the probable interactions and the related theories are

discussed. Moreover, the incorporation of metallic nanoparticles and their effect on

modification of optical properties of rare earth doped glasses is reviewed. Finally,

several examples of enhancement and quenching of stokes and anti-stokes lumines-

cence of rare earth ions doped in different glasses are summarized. The incorporation

of the metallic nanoparticles is a promising method to improve the optical properties

of different oxide glasses for diverse applications such as amplifiers, solid state lasers,

sensors, etc. However, to understand the complete role of metallic nanoparticles and

control their size distribution and shape, further research is necessary.

Keywords Rare earth doped glasses • Metallic nanoparticles • Amorphous

nanocomposites • Optical materials

The necessity to develop noble materials for various applications – from decorative

objects, optoelectronic devices, and military facilities, to medical interferences

such as drug-deliverers, artificial bones and sturdy dental ceramics – has motivated

the materials engineers and scientists to demand for new materials, with low-cost,

high efficiency, long durability and recyclability. Glass and glass-ceramic technol-

ogy is classified to be among the most important branch in the materials science

since these composites could provide a wide range of optical, chemical, thermal,

M.R. Dousti (*)

Instituto de Fı́sica de S~ao Carlos, Universidade de S~ao Paulo, 13560-970 S~ao Carlos, SP, Brazil
e-mail: mrdousti@ifsc.usp.br; mrdphysics@gmail.com

R.J. Amjad

Department of Physics, COMSATS Institute of Information Technology, Lahore 54000,

Pakistan

e-mail: rajajunaid25@gmail.com; mjunaidamjad@ciitlahore.edu.pk

© Springer International Publishing Switzerland 2016

C.D. Geddes (ed.), Reviews in Plasmonics 2015,
DOI 10.1007/978-3-319-24606-2_14

339

mailto:mrdousti@ifsc.usp.br
mailto:mrdphysics@gmail.com
mailto:rajajunaid25@gmail.com
mailto:mjunaidamjad@ciitlahore.edu.pk


electrical and magnetic properties due to the large diversity in their structure and

compositional elements. Glasses, by definition, are non-crystalline solids which

show glass transition temperature and can form the glass-ceramics by the controlled

heat-treating procedures. Glasses have emerged in various fields and show signif-

icant contribution in development of new functional materials. Glass-ceramics

show typically better mechanical, thermal and optical performance than their

mother counterpart, due to the partial presence of nano- or micro-crystalline

structures. The glasses and glass ceramics can be used as solders, laser hosts,

memory planes, switching panels, optical fibers, sensors, lenses, optical limiters,

waveguides, army devices, medical devices and dental materials etc. The research

on the glassy materials shows a rapid growth as evaluated by a recent analysis of the

major scientific databases. The glasses are widely used as optical materials as they

usually show a wide transparency in the ultraviolet (UV) to near-infrared

(NIR) region and non-linear optical absorption, which could be combined with

their other promising properties to obtain novel materials. When doped with rare

earth (RE) ions, the glasses can emit in a wide range of spectral energy; from

ultraviolet to visible and to near-infrared and far-infrared regions. The intensity,

peak wavelength, excited state lifetime and quantum efficiency of those emissions

are determinant characteristics of the RE-doped materials which could be

engineered by selection of the host glass, concentration of RE ions, the co-doping

species, heat-treatments etc. For example, the selection of the glass hosts with low

phonon energies, can reduce the nonradiative losses, and increases the quantum

efficiency, while upconversion emissions could occur to generate a high energy

photon, through the excitation of the RE ions by two incoming photons. The

upconversion (anti-Stokes) and normal (Stokes) emissions in the RE-doped glasses

are mainly favored by the various energy transfer mechanisms among the neigh-

boring ions. Such energy transfer processes are listed in this review paper and

discussed in details. Moreover, the Judd-Ofelt formalism as the most important

theoretical approach to evaluate the radiative properties of RE ions is also revisited.

The radiative properties such as emission cross-section of most of the RE ions in the

current glasses is not very effective to obtain a high quantum yield device, and in

most of the cases, increasing the concentration of RE ions results in the concentra-

tion quenching effect. Therefore, improving the emission efficiency of the RE ions

is the current issue and several proposals have been demonstrated to optimize the

latter properties. For example, the incorporation of Yb3þ ions or metallic species as

the sensitizers, or addition of shells or OH-removers which could decrease the

quenching centers.

On the other hand, the incorporation of metallic particles (such as nanoparticles,

clusters, atoms, dimers, ions, etc) has attracted a large interest due to the remarkable

interaction of the excitation beam with the electronic structure of the metal.

Meanwhile, in the last decade, nanoscience and nanotechnology has been merged

as a new filed of science which attempt to synthesize the particles having dimen-

sions in the order of few nanometers to a hundred of nanometers and to embed and

confine such particles in several functional materials. In the nanosized metallic

particle, the interaction of the light with metal results in the so-called surface

plasmon resonance which is the collective oscillations of the electrons of the
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metal, thereby, it modifies the optical, electrical and structural properties of the

containing host, especially the dielectric glassy media which will be discussed in

this work. The glass containing metallic nanoparticles has gained a large interest

thanks to their potentiality to develop waveguides, optical limiters, micro-lenses,

non-linear devices, solid state batteries, electrochemical sensors etc. On the other

hand, it has been also proposed that the optical properties (emission intensity) of the

RE doped glasses could be altered by embedding the metallic nanoparticles. The

latter application is the main aim of this chapter. Beside a great number of reports

on the enhancement and quenching of the emissions of the RE ions doped glasses

by incorporation of metallic species, the origins of both enhanced or quenched

luminescence is still not fully understood and needs further attention. Several works

have shown that the metallic nanoparticles could improve the emission intensity of

RE ions (e.g. Eu3þ, Er3þ, Nd3þ, Tb3þ etc) doped glasses. The size of particles

observed in those reports could vary from a few angstrom to tens of nanometer,

while in many cases the plasmon resonance absorption band are not observed. On

the other hand, the quenching in the luminescence of some RE ions (mainly Dy3þ,
and Sm3þ etc) has been observed in presence of metallic nanoparticles, while there

are several reports which attributed the enhancement of the luminescence to other

metallic species such as ions, dimers, clusters, etc, rather than the nanoparticles.

However, up to this stage, the contribution of each species in luminescence

intensification is not clearly understand. Therefore, in this work, we would like to

review the existing literature, up to our knowledge and time, on the history of the

glass science and technology, the optical properties of rare earth doped glasses and

their relevant theories, which would be followed by an introduction on the impor-

tance of the nanoscience with an emphasizing on the optical properties of the

nanoparticles in an dielectric media. We will also discuss the important character-

istics of the metallic nanoparticles, such as size and shape of them, which could

alter their optical properties. The Mie theory, and related theories to understand the

optical properties of nanoparticles, their formation and growth mechanisms are also

discussed in this review paper. Later, the most utilized spectroscopic and imaging

techniques to characterize the nanoparticles will be quickly overviewed. At the end,

the effect of metallic species (mainly nanoparticles) on the absorption and lumi-

nescence characteristics of the RE doped glasses will be discussed according to the

existing literature.

14.1 Glasses and Glass Ceramics

Nowadays, materials science is a crucial area of research due to the limited range of

organic materials on earth to supply fuels and power for living, factories and

technology. Therefore, lot of efforts have been put on the design of new materials

to alternate inorganic sources. Solar cells are good example of those substances.

Polymers, ceramics, glasses and new light sources based on lasers, amplifiers in

networking, Li-ion batteries, etc are some of the new materials which emerged to
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assist the “green energy” agenda. Currently, glasses exist all around the world and

on our daily life, starting from drinking cups to the dressing mirrors, from electric

lamps to the communication fibers, 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 glass on the earth, indeed, has been made by

nature. The ashes of overflowed volcanoes get cooled down slowly and made

natural glasses, containing aluminum silicon, sodium, potassium, calcium and iron.

But, what is a glass? Glass is an amorphous solid (non-crystalline) material

which has no long- or short-range order. It shows a glass transition, which is the

reversible transition from a rigid and relatively brittle state into a molten or rubber-

like state. Glasses are usually fragile and preferably transparent in visible region.

Glasses can be formed by cooling a melt rapidly to glass transition temperature such

that the quenching time is insufficient to form any crystalline phase. In discipline,

the glass is referred to all non-crystalline solids (with an amorphous structure),

exhibiting a glass transition when heated towards the liquid state. Therefore, glasses

can be classified to various sorts of materials, such as ionic melts, metallic alloys,

aqueous solutions, molecular liquids, and polymers.

On the other hand, glasses can be transformed to glass-ceramics (polycrystalline

materials) by controlled crystallization process. Glass-ceramics possess versatile

properties of both glasses and ceramics. The structure of a glass-ceramic includes

an amorphous phase and one or more crystalline phases (usually between 30 % and

90 % of whole bulk). Glass-ceramics are among interesting materials since they can

be fabricated as easy as glasses, while having advantageous properties of ceramics,

such as low porosity, high toughness, strength, low or even negative thermal

expansion, high temperature stability, good chemical durability, resorbability, ion

conductivity, superconductivity, isolation capabilities, low dielectric constant and

loss, better optical and emission properties when doped with rare earth ions, high

resistivity and break down voltage. These properties can be engineered by appro-

priate base glass composition and controlled heat treatment/crystallization process.

Glass-ceramics are usually obtained in two steps: Firstly, a glass is formed by the

melt-quenching or sol-gel techniques. Then, it is cooled down and is again reheated

at an appropriate temperature for a certain time. As a consequence, the glass partly

crystallizes. In most cases nucleating agents are added to the base composition of

the glass-ceramic. These nucleation agents can speed-up and control the crystalli-

zation process. Unlike sintered ceramics, glass-ceramics have no pores, because of

no pressing and sintering procedures. They can be mass-produced and their nano-

structure can be designed to combine a variety of properties [1].

The history of glasses made by man has 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. Around 4000 B.C., Greek and Macedonia become centers of glass
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makers. They used new approaches such as sandwiching techniques, adding gold

layers and colorful mosaics. At third and second century B.C., Roman Empire was

emerged which also continued glass blowing up to a new revolution which occurred

in Greek Empire and Muslims countries, especially in Syria and Palestine at

seventh century A.D. On the other side of the earth, China (second century B.C.)

and India (fifth century B.C.) also were heading in blowing the glasses containing

barium and lead. In the ninth century, Baghdad was on the headline of art of glass

blowing. Persia also became famous in preparing the glasses and grinding the

glassy surfaces. In the thirteenth century, once again, Syria became the center of

glasses due to conquest of Persia by Chengis Khan, and fantasy mosque lamps in

Damascus were built up. However, the war of Timur in Damascus contributed to

immigration of many glass makers from Syria to Samarkand. In this time, large tax

reliefs and social recognition from European governments pushed the glass makers

to develop the techniques of glass blowing. Addition of calcia to make shinier and

brilliant glasses (Crystallo-glasses) and “ice glasses” methods were two biggest

achievements of that time. After immigration of glass workers from Italy, Germany

became a center of glass blowing. Patronage of Church helped the regime to prepare

new glasses such as “waldglas” and “potash-lime”. In the nineteenth century,

Europe, United States, Bohemia and many other countries developed the techniques

of glass blowing. In that time, crystals became very popular. Next, fluorescent

glasses, Opaline, HF-etched glasses and cobalt blue glasses were prepared [2].

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 glass is the first production of this

century which was mixed with other oxides such as CaO, PbO and CoO. By

understanding the amorphous nature of glasses, study of the local structure and

bonding in glasses were acknowledged as important factors. On the other hand,

glass blowing became industrialized where the sheets of few millimeters in thick-

ness, couple of meters in width with desirable length were seen using developed

machines. The cutting, polishing and coating methods led to develop glass pieces

potential for microscope, telescope, glass-fibers (cables), electronic bulbs and

beverage bottles [2]. Nuclear wastes are also cleared using borosilicate glasses

and calcium phosphate and silicate were emerged in repairing the bones and

bio-techniques [3, 4].

More recently, zinc phosphate and lead borate glasses were used as solders [5–

7]. Phosphate and fluro-phosphate glasses were applied as laser hosts [8]. Memory

panels and switching materials, which turn from resistive to conductors at a certain

voltage, were prepared by chalcogenide glasses [9]. Superior transparency of halide

glasses made them, recently, a good candidate to be substituted for silica fibers

in telecommunication technology [10, 11]. Modern glasses are versatile, from

soda-lime silicate, borosilicate and alumina-silicate to borofluorite, phosphate,

germanate, antimony and tellurite glasses. They show different physical and

optical properties due to their specific structures which make them excellent

candidates for applications in different branches of science and technology. In a

scientific approach, tellurite glasses attracted large interest due to its significant
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optical, thermal and physical properties [12]. Moreover, oxyfluoride glasses have

attracted a large attention for optical properties because they provide comparatively

low phonon energies and high chemical and mechanical stabilities [13].

Providing diverse applications from solar cells, optical amplifiers, solid state

lasers, army tools, and medical devices, the necessity of research on glasses is

increased to understand their structure, optophysical properties and functionality.

An exponential increase in number of publications in the field of glasses in general

and tellurite glass (as an example) in particular is an evident of such needs.

Figure 14.1 presents the number of publication on “glasses” and “tellurite glasses”

indexed by SCOPUS database from 1930 up to the end of June 2014 [14]. The

increased number of publications on the glass technology was also highlighted by

Mauro and Zanotto [15]. Analyzing the data given by SCOPUS, they concluded

that the China and United States are the frontiers in glasses in terms of number of

publications, while Journal of Non-Crystalline Solids is the most significant journal

which publishes “glass-related” papers.

Glasses are excellent candidates to host the so called rare earth ions (lantha-

nides), since they possess large refractive index, wide transparency window, high

RE solubility, etc. Rare earth ions show exceptional optical properties such as long

lifetimes, sharp absorption intensities, and excellent coherence properties due to

their 4fN to 4fN optical transitions and other significant properties like large

oscillator strengths, broad absorption and emission bands and short lifetimes due

to their 4fN to 4fN-15d transitions [16]. Special optical properties of the RE ions and

their photonic applications in addition to nonradiative (NR) energy transfer

(ET) processes led to a wide study on REs. In principle, ET processes may favor

particular applications (such as 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. Visible and infrared (IR) emissions of RE ions in glasses and

glass-ceramics are known to be applicable in solid state lasers and broadband

communications, respectively [17].

Many efforts have been done to enhance the intensity and gain of emissions in

RE-doped glasses. First, it was reported that increment of concentration of REs in

the system could intensify the Stokes and/or anti-Stokes luminescence intensities.

However, a quench is observed often, after the introduction of 1–2 mol% of the RE

ions [18, 19]. 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 ytterbium ions. The tripositive ytterbium ion shows large absorption

cross section, therefore the large concentration of Yb3þ in vicinity of Er3þ provide

larger absorption and emission gain, through energy transfer from {2F5/2: Yb
3þ} to

{4F7/2:
4F9/2:Er

3þ} [20]. In order to overcome such deficiencies, it has been demon-

strated that metallic nanoparticles (NPs) may enhance the RE luminescence doped

glasses and improve their nonlinear optical properties [21, 22]. In majority of the
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studies, the presence of NPs contributes to enhance the material’s luminescence

efficiency either due to ET from the NPs to the RE ions or by influence of the large

local field on the RE ions positioned in the vicinity of the metal. Indeed, the

presence of nanostructures in the glass alters the luminescence efficiency. It is

expected that RE doped glassy systems may be optically and thermally optimized

by appropriate doping with metallic NPs.

14.2 Trivalent Rare Earth Ions Doped Glasses

Rare earth ions with their exclusive unfilled 4f shells are promising dopants in

glasses to obtain optical fibers and solid state lasers [17]. 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 [23]. The outer 5s and

5p shells shield the 4f electrons and sensitize their environment so that several laser

transitions are available in RE ions. For instance, there are 11 electrons in trivalent

erbium ions (Er3þ:[Xe]4f11), and 12 in Tm3þ ions. The schematic energy level of

Er3þ ion is shown in Fig. 14.2. Russell-Saunders symbols (2Sþ1LJ) are used to label

the energy levels, where L, S and J are the orbital angular, spin angular and total

angular momentums, respectively.

Fig. 14.1 Number of Scopus-index publications on glasses and tellurite glasses (Data taken from

Scopus on 15 July 2014 [14])
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Energy levels of rare earth ions can be explained by following Hamiltonian

operator [24]:

H ¼ Hfree�ion þ H}Crytal�field} ð14:1Þ

where

Hfree�ion ¼ � h2

2

XN

i¼1 ∇
2
i ¼

XN

i¼1
Z*e2

ri
þ
XN

i<j

e2

rij

þ
XN

i¼1 ζ rið Þ~si:~li þ negligible terms: ð14:2Þ

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 this equation (from left

to right) 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 RE ions in a host, which lift 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 [24]. 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, and considering the ion-ion interaction, two

more terms will be added into the Eq. 14.1

H ¼ Hf�ion þ HCF þ VEM þ Vion�ion ð14:3Þ

Fig. 14.2 Energy level of

free-Er3þ ions and Er3þ-
doped in a solid medium
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where VEM is the Hamiltonian of interaction of light by ion, and the last term

represent 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 RE ions.

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 increases the

nonradiative transfer rates between REs; therefore “concentration quenching”

phenomena may occur [19, 25]. 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, adjusting the local

interaction with suitable crystal structure, reduction of quench centers, semicon-

ductor induced ET and introduction of noble metallic NPs are some of appropriate

proposals [26].

14.2.1 Radiative Properties and Judd-Ofelt Theory

Judd [27] and Ofelt [28], independently and simultaneously formulated the theory

of absorption and emission of lanthanides. 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 RE ions [29]. Judd-Ofelt theory defines the

properties of the radiative transitions in REs. Using this theory, radiative transition

probabilities, branching ratios and intrinsic lifetime of an excited state to its lower

states can be determined by assessing the three intensity parameters,Ωi (i¼ 2, 4 and

6). The calculated oscillator strength ( fcal) of an electric-dipole absorption from the

ground state |(S,L)J> to the excited state |(S0,L0)J0> depends on the Judd-Ofelt

intensity parameters by

f cal S; Lð ÞJ; S
0
; L
0

� �
J
0

h i
¼ 8π2mc

3hλe2 2J þ 1ð Þ
n2 þ 2ð Þ2

9n
Sed þ n3Smd

" #
ð14:4Þ

where α is the absorption coefficient (cm�1), N is the number of active ions (mol.

L�1), e, m, c, h and λ have their common definitions in physics. Here, Sed and Smd
are electric dipole and magnetic dipole linestrenghts, respectively.

Sed ¼ e2
X

t¼2,4, 6Ωt S; Lð ÞJ U tð Þ�� ��D
S
0
; L
0

� �
J
0
E��� ���2 ð14:5Þ
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Smd ¼ e2h2

4m2c2
S; Lð ÞJ J~Lþ 2~S

�� ��D
S
0
; L
0

� �
J
0
E��� ���2 ð14:6Þ

Thus, three intensity parameters can be evaluated by a least square fitting to

equalize the calculated and experimental ( fexp) oscillator strengths,

f exp ¼
4:318� 10�9

N

ð
α ωð Þdω ð14:7Þ

The reduced matrix elements, ||U(t)||2 (t¼ 2, 4 and 6) [30, 31] are consistent from

host to host, and Ωt (t¼ 2, 4 and 6) are known as Judd-Ofelt intensity parameters

that can be estimated by a least-square fitting method of experimental oscillator

strengths on calculated ones. Magnetic dipole term is resulted from orbit-spin

coupling and its different probabilities, considering the selection rules, are

discussed and given in Ref. [32]. The transition probabilities A, branching ratio β
and radiative lifetime τ can be calculated by

AJ!J
0 ¼ 64π4

3h 2J þ 1ð Þλ3 χSed þ n3Smd
� � ð14:8Þ

β ¼ AJ!J
0X

J
0AJ!J

0
and τ ¼ 1X

J
0AJ!J

0
ð14:9Þ

The Judd-Ofelt intensity parameters of Er3þ ions in different glassy hosts are

tabulated in Table 14.1. The lifetime of excited states of RE ions is an important

parameter that defines the possibility of achieving the population inversion and

efficiency of pumping in amplifiers and laser applications. For a particular excited

sate, transition rate is given as inverse of the lifetime. Transitions from a state

include both radiative and NR decays. Radiative transitions are due to absorption

and emission of a photon, while nonradiative transitions correspond to the interac-

tion of ions with lattice quantized network; the phonons and energy transfers etc.

Nonradiative decay rates from excited states play a significant role to choose the

suitable host for different applications. For example, multi-phonon (MP) relaxation

rate in borate and phosphate glasses in 4I11/2(Er
3þ) excited states is large which

reduces the radiative emissions and quantum efficiency of 4I13/2(Er
3þ) excited state.

On the other hand, tellurite glass possesses lower phonon energy which is favorable

to enhance the lifetime of 4I11/2 level in Er3þ; therefore, the efficiency of the

tellurite glass is large enough to develop the erbium doped fiber amplifiers

(EDFA), pumping at 980 nm, as well as solid state upconverters.

The RE-doped glasses have many technological applications. They can be used

as solid state lasers, sensors, optical fibers, amplifiers and etc. It is just at 1961 that

Snitzer [36] reported the first fiber prepared by Nd3þ ions in solid state flash lamp

pumped laser, which operates at 1061 and 1062 nm. In 1969, Koester and Snitzer

reported on the near single-Nd3þ-doped fiber laser. Kao and Hockham [37] devel-

oped the theory of propagation in core-clad fibers and studied the structured optical
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fiber. In 1972, Sandoe et al. [38] reported the first phosphate glass containing Er3þ

ions which emits at 1530–1560 nm regions. In addition, Stone and Burrus [39]

studied the 800 nm emission of Nd3þ fibers (CW laser). Mears et al. presented the

first tunable and Q-switched fiber laser which operates in two regions;

1528–1542 nm and 1544–1555 nm. First Transatlantic fiber optic TAT-8 cables

were developed in 1990 and later Svendsen developed the optical network WDM

system and he installed this system for the first time on long-haul routes in Norway

on 1997 [40].

Broad and flat stimulated emission cross-section in communication band and

large amplifications gain in L-band of Er3þ-doped tellurite glass, introduced them

as promising materials for broadband applications. The cross-section of this broad-

band in heavy metal oxide glasses such as bismuth and tellurite glasses (having

refractive index >2 and low phonon energy) is larger than phosphate, silicate and

fluoride glasses (see Table 14.2). Solubility of RE 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

bounded to silicon atom by the strong covalent linkages. Therefore, the incorpora-

tion of RE ions in silicate glass is weak, and uniform distribution is difficult. Due to

this fact, remarkable amount of modifiers (usually alkalis) are required to break the

covalent bonds, weakening the network structure and to form the non-bridging

oxygens (NBO) [41]. 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. Therefore phosphate glasses show better spectro-

scopic properties and emissions than silicates when doped with REs [42]. On the

other hand, tellurite glass shows a 2-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 tellurites. 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 and formation of uniform

doped glasses is easier than silicate and phosphate glasses [43].

Table 14.1 Judd-Ofelt

parameters of the Er3þ ion in

various glasses (�10�20 cm2)

[33]

Glass type Ω2 Ω4 Ω6 Ω4/Ω6

Silicate 5.59 1.42 0.87 1.63

Phosphate 4.67 1.37 0.77 1.78

Tellurite 5.34 1.75 0.94 1.86

Germanate 5.72 0.91 0.32 2.84

Fluoride 2.91 1.27 1.11 1.14

Borate [34] 4.11 1.45 1.42 1.02

Phospho-tellurite [35] 4.25 1.50 0.43 2.44
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14.2.2 Energy Transfers and Cooperative Process

The neighboring active ions in short distances can interact with each other in two

different approaches, (i) by summing up the photon energy by energy transfer (ET),

and (ii) cooperative effects due to emission, absorption or sensitization. Given in

Fig. 14.3 is the first proposal of the energy transfer processes, where activator ion is

in its ground state and sensitizer ion is in an excited state.

Auzel introduced the situations when activator ion is excited, considering the

exchanging of energy due to difference between ions energy, not only absolute

energy [45]. He also presented and discussed different 2-step absorption, 2-photon

excitation, cooperative luminescence, second harmonic generation (SHG), and

cooperative sensitization. Cooperative upconversion (CUC) includes both cooper-

ative sensitization and cooperative luminescence mechanisms. In high concentra-

tion of rare earth ions, the interaction between two electric dipole moments of ions

is effected by short distance neighboring. CUC depends greatly on pumping

intensity and concentration of ions. At low laser intensity, the CUC is not efficient.

Cross-relaxation process is the reverse mechanism of CUC as shown in Fig. 14.4.

The transition of two electrons in high and low energy levels leads to populate the

Table 14.2 Full-width at half maximum, emission cross-section and lifetime of 1.5 μm broadband

of Er3þ ion in different hosts (AFP stands for alumina fluorophosphates) (All data taken from [44])

Glass FWHM (nm) σe (�10�20 cm2) FWHM� σe Lifetime (ms)

AFP 53 0.60 3.18 7.6–8.4

Silicate 40 0.55 2.2 5–8

Phosphate 37 0.64 2.37 6–10

Tellurite 65 0.75 4.88 2.5–4

Bismuth based 79 0.70 5.54 1.6–2.7

Fig. 14.3 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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middle energy state. Second-order cross-relaxation of excited levels is negligible

due to low concentration of ions, in this excited state.

14.2.3 Non-linear and Upconversion Processes

Excited state absorption or 2-step absorption is shown in Fig. 14.5. An ion in its

metastable level can absorb a second photon and be excited to higher energy levels.

Normally, nonradiative decays through multi-phonon relaxations will help to pop-

ulate lower metastable levels where the absorption of second or third photons may

excite the ion, gradually.

The so-called “energy transfer” up-conversion is the general form of Dexter energy

transfer [46] 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.

Increasing the distance between two particles result in an exponential decrease in the

rate of process. This exchange mechanism is also named as “short-range” energy

transfer. In addition, the interaction of activator and sensitizer should be weaker than

the vibronic interaction of two parties. The latest circumstance, suggest the coupling of

Fig. 14.4 Cooperative

upconversion and cross-

relaxation process in a

schematic energy levels

diagram of rare earth ions

Fig. 14.5 Schematic energy transfer mechanism for different two photon upconversion processes.

APTE effect in YF3:Yb:Er (a), 2-steps 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
2-photon absorption excitation in CaF2:Eu

2þ (f)
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single-ion level to the 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 [47]. Besides, the transfer probability of such ET processes must be

faster than radiative and nonradiative 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.

14.3 Optical Properties of Metallic Nanoparticles

Starting from early 1980, the field of nanoscience has been rapidly extended. It is a

branch of science which deals with phenomena of 1–100 nm scales. Many basic

sciences such as chemistry, physics, materials science, medicine, biology and also

engineering are subjected with nanoscience and nanotechnology applications. The

term, nanotechnology is the knowledge of produce, control and operate such small-

sized particles to create noble materials, applicable for different area of science. Small

particles firstly were used to color the metallic or glassy decorative subjects during the

mediaeval times [48]. Lycurgus cup is an ancient Roman artifact – which relates to the

fourth century – are appeared red in transmission and pale green in reflected light, due

to incorporation of gold or silver or an alloy of both (average sizes of ~70 nm) [48]. In a

scientific effort, initially Faraday (1857) studied the colloidal gold to determine the

origin of its red color in compare to yellowish bulk gold [49]. However, it is just in

recent decade that nanotechnology emerged as a basic and important science to

develop scanning probe microscope and scanning tunneling microscope (STM)

[50, 51] to study the isolated nanoclusters. In 1980, the first clusters of alkali metals

with hundred atoms were produced and studied [52]. Present nanoscience techniques

aimed to study the catalysts and to optimize the reaction rate, which reduce the

iteration of experiments by trial and errors. More recently, nano-biology and

nanomedicine used the nanoscience to overcome the cancer cells [53] and solid tumors

[54]. Data storageswith high capacity are developed by tunneling of themagnetization

of a cluster through a magnetic anisotropy barrier [55].

The shape and the size of NPs affect their optical properties, such as surface

plasmon resonance (SPR) absorption band position and shape [56]. By and large,

formation of non-spherical metallic NPs results in red-shift of SPR peak and

changes its Gaussian shape. Practically, any desirable shape of NPs can be created,

such as nano-rods, nano-wires, nano-cages, aggregates, nano-prisms, nano-spheres,

nano-sheets and plates [57–59] which show different absorption spectrum and

optical properties. Complicated structures like nano-prisms and aggregates showed

broad spectrum peaks due to large non-degenerate resonance modes. The non-

degeneracy increases with lowering the symmetry of system [60]. Besides, the size

of NPs, refractive index of environment medium and other proximal NPs are

important factors to determine the SPR band. Therefore, the chief challenge is to

optimize the optical properties of nanostructure by adjusting the frequency,

FWHM, and shape of the SPR absorption band as shape, size, dielectric function,

electron density and effective mass of nanoparticles changes.
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14.3.1 Interaction of Light with Nanoparticles

The study of optical properties of metallic nanoparticles interacting with light has

rapidly grown and become known as plasmonics [61, 62]. Nanoparticles undertake

diverse response under the excitation by light due to scattering or absorption of

photons. The photons with efficient energy can either excite the electrons by an

internal electronic transition (optical absorption) or ionize the particle by emitting

an electron from NP at high energy levels (photoemission spectroscopy). The

absorption takes place due to SPR in the particles with sizes d, where d<<λ, and
λ is the wavelength of excitation light. The electrons of the metal are subjected into

the electric field of incoming light which relocates them with respect to positive

charge of nuclei. On the other hand, static Columbic force between positive and

negative charges resist to this shift. Therefore, electrons of metal begin to oscillate.

The resonant phenomena, typically is determined with a peak in visible region of

absorption spectrum. Mie used the classical concept of dielectrics to develop a

theory based on this behavior [63]. If the particle is not spherical, the absorption

spectrum will be complicated (Fig. 14.6).

GustavMie developed the theory on the interaction of NPs with light [63]. Strong

absorption band accompanies temperature increment of the particle. Large

enhancement of the electric field in particle and its adjacent environment can be

observed by near resonance excitations. Optical properties of metallic NPs strongly

depend on the dielectric function of the host matrix (environment). The optical

properties of a metal can be described by a simple Drude-Lorentz-Sommerfeld

model [64]. The effect of an external field E¼E0exp(�iωt) on an electron with

mass, m and charge, �e, can be written as

m
d2~r

dt2
þ mΓ

d~r

dt
¼ �e~E ð14:10Þ

where Γ is the damping constant which is metal-dependant parameter. The polar-

ization is ~P ¼ �ne~r, where n is the density of the electrons. Dielectric function,

thereby, is given as

ε ¼ 1þ 4πP

E
ð14:11Þ

in cgs system. Dielectric function is related to frequency as follow

ε ¼ 1� ω2
P

ω2 þ iΓω
ð14:12Þ
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where ωP is the frequency of plasma,

ω2
P ¼

4πne2

m
ð14:13Þ

Dielectric function is intrinsically an imaginary function, ε¼ ε1þ iε2, where

ε1 � 1� ωP

ω

� 	2
and ε2 � 1� ωP

ω

� 	2Γ
w

ð14:14Þ

for damping constant smaller than frequency, Γ<<ω. The absorption coefficient is
given by¼ 2ωk=c, where nþ ik¼ ε. In the case of clusters, the nuclei are static and
electrons are assumed to move freely in an external field. For the particle sizes

smaller than wavelength of light, at any time, the electric field is uniform around the

cluster. For a cluster embedded in a medium, the electric field inside the cluster is

E

E0

¼ 3εm
εþ 2εm

ð14:15Þ

where E0, ε and εm are the static electric field, dielectric constant of the sphere

cluster and dielectric constant of medium, respectively. Mie frequency is defined as

ω2
M ¼

ω2
P

1þ 2εM
ð14:16Þ

Having the volume of the particle Vp, the extinction cross section for a particle is

σext ¼ 9ε3=2m

ω

c

� �
Vp

ε2

ε1 þ 2εmð Þ2 þ ε22
ð14:17Þ

Fig. 14.6 Schematic

interaction of light with

metallic particles (surface

plasmon resonance) for

spherical nanoparticles (a),
hallow nano-spheres (b) and
nano-rods (c) [61]. In
addition, this figure exhibits

the increase number of

resonant modes with

decreasing the symmetry
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According to Mie [63], in a medium with refractive index, n, containing the NPs

smaller than excitation wavelength, λ, the absorption coefficients can be determined

by free electron approximation as

α ¼ 9πpn3cλ2

σdc λ2m � λ2
� 	2 þ λ2 λ4m

λ2a

h i ð14:18Þ

where p, σdc, c and λm are the volume fraction of the metal spheres in the glass

matrix, the dc electrical conductivity, the velocity of the light, and the wavelength

at maximum absorption, respectively. Reduced length scales are defined as

λa ¼ 2λ2cσdc
c

and λc ¼ 2πcð Þ2m
4πNcε2m

ð14:19Þ

Here, m, Nc and εm are the electron mass, the number of electrons per unit volume

and the complex form of dielectric function of metallic NPs. The wavelength at

which the maximum absorption takes place is given as

λm ¼ λc ε0 þ 2n2
� 	1=2 ð14:20Þ

where ε0 is the frequency dependent part of εm. FWHM of this band can be found as

FWHM ¼ λ2m
λa
¼ ε0 þ 2n2ð Þc

2σdc
ð14:21Þ

and the dc conductivity is given by

σdc ¼ Nce
2L

2muF
ð14:22Þ

where e, L and uF are electron charge, diameter of NP and Fermi velocity.

uF ¼ 2EF

m


 �1=2

ð14:23Þ

14.3.2 Preparation and Observation of Metallic
Nanoparticles

There are several physical and chemical techniques to synthesize the NPs. One of

the important physical techniques is to evaporate the metal from a source and

deposit the gas on a substrate [65]. This method is more efficient since controlling

the shape and size of the NPs are more facile. One of the important chemical
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techniques is to reduce the metal ions or metal salts with a suitable reducing agent.

This method is known as most suitable technique to produce the spherical NPs

[57, 58, 66, 67]. For example, Xu et al. [68] embedded the silver NPs into the

sodium-silicate glass through an ion exchange method and subsequent heat-

treatments. There are also many other approaches such as electrochemistry tech-

niques which are beyond the scope of this chapter [69].

Synthesis of the NPs includes two processes [70]: (i) formation of small seeds

(nucleation) and (ii) growth process. The capping material plays an important role

to determine the shape and size of NPs during the growth. If the capping material is

very weak, the growth will continue to produce big crystallized particles. Contrary,

if it is too strong, it may reduce or prevent the growth. Therefore, nanomaterial,

capping material or reduction agent and medium are important factors to increase

the efficiency of synthesize. Moreover, the concentration of agent is another factor

to determine the concentration of initial seeds of metallic particles.

The clustering of the NPs can be discussed by following suggested models [71]:

(1) Coagulation process; in which the pairwise particles will be destroyed

through the collisions and larger particles will be formed. In a simple model [72],

by considering the identical probability of collision (KD) for different particles, one

can describe the coagulation process by

∂Zn

∂t
¼ �1

2
KDZ

2 ð14:24Þ

where, Zn is the concentration of particles of kind n. The solution for given time

evaluation equation is

Z tð Þ ¼ Z0

1þ 0:5KDZ0

ð14:25Þ

And the required time for coagulation is

tc ¼ 2

KDZ0

ð14:26Þ

For the coagulation of two particles with radius R1 and R2 and respective diffusion

velocity of u(R1) and u(R2), the probability constant is:

KD ¼ π R1 þ R2ð Þ2 u R2ð Þ � u R1ð Þ½ �: ð14:27Þ

(2) Ostwald ripening process; in which the large particle will be grown through

feeding by smaller particles. Therefore, the smaller particles start to vanish

[73]. The matter in its thermodynamic balance consists of surrounding gaseous

cloud. The bigger the particle is, the lower number of particles in cloud exists. The
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diffusion from cloud to matter and vice versa is consistent with growth and

disaggregation of particles, respectively.

(3) Coalescence of particles; in this process, the particles grow due to a strong

chemical or physical bonding which is consistent with coagulation in first step and

the consequent Ostwald ripening effect. The critical size of particle to grow or

dissolve is [74]

r* ¼ 2Vγ

3kBTln Srð Þ ð14:28Þ

where V, γ and S are the molecular volume, surface free energy per unit surface area

and saturation ratio. Therefore, for a given S> 1 and temperature (T ), the particle
with radius r< r* starts to grow, while the particles with r> r* will dissolve.

Properties of NPs are characterized by their extremely small size which needs

appropriate apparatuses to be probed. The first instrument to observe the NPs is

usually UV-Vis absorption spectroscope since NPs show strong absorption peak at

near-UV to near-infrared region. Up to now, many instruments were developed to

characterize/observe the structure of NPs such as X-Ray diffraction (XRD), atomic

force microscopy (AFM), scanning electron microscopy (SEM), transmission elec-

tron microscopy (TEM), X-Ray absorption spectroscopy (XAS) and its fine

extended device (EXAFS), dynamic light scattering, energy dispersion X-ray

(EDX), IR and Raman [75–77].

XRD technique can be used to determine the crystalline phases, average inter-

particle distances, and atomic structure of the nanoclusters. The size of particles,

defects and strains of nanocrystals can be defined by measuring the width of

diffraction lines. The broadening of the diffraction linewidth is directly related to

reduction of nanocrystal size.

AFM, STM, and chemical force microscopy are usually called in a group named:

the scanning probe microscopy (SPM). It can be applied on versatile organic and

inorganic materials in their gassy or liquid phases. AFM captures the image of

specimen through the difference between the atomic forces in short-range and long-

range which are repulsive and attractive, respectively [78]. Scanning force micros-

copy (SFM) also is a useful tip to measure the electrostatic and magnetic interac-

tions between the molecules. SEM is another commanding technique to observe the

surface of any type of materials with a resolution of 1 nm [77]. The principle of

SEM is based on the interaction of incoming electron with the sample, which will

be captured by its backscattered electron. Therefore, both structural and topological

properties can be defined through two captured beams.

TEM is also another powerful instrument to characterize the chemical compo-

sition and spatial structure [76]. Recently, high-resolution-TEM is developed which

allow the imaging of crystals as small as 1Ả. TEM is usually used to determine the

shape, size, crystallinity and inter-particle interactions in nanomaterials.
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14.3.3 Surface Enhanced Raman and Fluorescence
Spectroscopy (SERS, SEFS)

Raman spectroscopy is a powerful technique to study the vibrational modes of

molecules through an elastic scattering of a monochromatic excitation source in the

routine range of 200–4000 cm�1. Molecular vibrations are either infrared (IR) and/

or Raman active. Therefore, Raman technique is mainly used to complement the IR

measurements. The critical issue in Raman spectroscopy is the small cross section

which requires lot of molecules to achieve valuable results. The efforts to develop

the detection ability by Raman spectroscopy have been yield to introduce the

Surface-Enhanced Raman Spectroscopy (SERS) [79], where the enhancement

factor up to 1010 ~ 1011 times may aim to detect single molecules [80–82]. The

enhancement results from the enhanced localized electromagnetic field in the

surface of metallic NP and dielectric environment. Furthermore, topological change

of NPs in dielectrics adds promoted electric field by lightening rod effects (LRE) in

non-spherical (elliptical, cube, pyramid shapes and so on) surface of NPs which

enhances the intensity of scattered Raman beam up to 1014 times [82]. Messinger,

Wang and Kerker developed the theory of the SERS [83, 84]. Fleishmann et al. [85]
reported the first SERS using roughened metal electrodes.

The enormous localized electric field between two NPs, firstly, enhances the

excitation light, and as the result, the Raman modes of probing molecular will

enhance by a factor of η2, where η is the enhancement factor. Moreover, the emitted

Raman signals experience further enhancement by same SPR effect. Therefore,

output Raman signal is enhanced by a factor of η4 [86]. The maximum enhancement

happens near the plasmon frequency (ωP) [87]. Even if, the plasmon resonance may

not be efficient in special cases, LRE aims to confine the large electric field in the

sharp edges of metal surface or at curved surfaces.

The SERS effect is reported for the first time in a glassy system by Dousti et al.
[88]. The incorporation of silver NPs as small as 12 nm into the zinc tellurite glass

increases the Raman signals as large as eight times. However, controlling the

resonance frequency, shape and size of the NPs is still a controversial subject

which effectively determines the enhancement factor. For instance, the addition

of concentration of NPs can result in a red shift of SPR band and evolution of

enhancement factors of Raman and photoluminescence (PL) signals [89].

On the other hand, the presence of metallic NPs in vicinity of luminescent

centers can alter the radiative emission properties of such dopants, so called surface

enhanced fluorescence spectroscopy (SEFS). Large electromagnetic field can be

localized in vicinity of the metallic NPs. Therefore, they can trap the photons

(photon catchers). One of the advantages of such system is fluorescence enhance-

ments due to controlling the light and enhancing the local field around the

fluorophores. Such enhancement by SPR was firstly reported by Malta et al.
[21]. The application of SEFS on RE-doped glasses containing noble metallic

NPs shows significant results which are promising to develop the optical amplifiers,

solid state lasers, color displays and versatile nanophotonics devices [90–92].
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The enhancements of emissions in the hosts containing metallic NPs with

average size of D and separated by the distance d, are mainly attributed to enlarged

local electric field. The enhancement factor η, of the system can be evaluated by

η ¼ Eloc

Ei
¼ Dþ dð Þ

d
ð14:29Þ

where Eloc and Ei are the amplified local field (effective field, Eeff) and the incident

field, respectively [62]. The effective field is interpreted by Malta et al. [21] as

~Eeff ¼ ε0 þ 2ð Þ 1þ qω2
p

3ε0 1� qð Þ ω2
p=3εo

� �
� ω2 þ iγω

n o
2
4

3
5~E0

3
ð14:30Þ

where ε0 is the dielectric constant in the presence of external electric field E0, and γ
is the damping coefficient of plasmon resonance.

Radiative decays of any fluorophore (e.g. RE ions) can be modified by

plasmonics approach. Various shapes, sizes, corresponding local field of metallic

NPs and distances between the fluorophore and NP can result in different enhance-

ment order of emissions and quantum efficiency. Modification of radiative decay is

usually called as “radiative decay engineering” [62]. In the next section, we review

some of the available reports on the optical properties of the rare earth doped oxide

glasses containing metallic nanoparticles.

14.4 Rare Earth Doped Glasses Embedded
with Metallic NPs

Glasses are superior candidates to embed the RE ions and metallic NPs due to their

high transparency, mechanical strength, and simple preparation in any size and

shape and high energy stretching vibration which extinct the interaction of ligand

with metals. Therefore, metallic glasses composites containing nanoclusters or NPs

are introduced as potential substrate materials (hosts) for significant local field

enhancement to increase the luminescence of RE ions [90, 93–95]. Moreover, the

introduction of metallic NPs may modifies the thermal and structural properties as

well as chemical durability of oxide glasses [96, 97], which are beyond the scope of

this chapter. Thermal features of glasses can be also modified by incorporation of

metallic NPs and may result in considerable increase in thermal diffusivity and

thermal conductivity [98]. This is particularly important considering that cooling is

one of the most challenging technical issues to be overcome in the areas of

microelectronics and solid-state lighting. It has been reported that the thermal

diffusivity of materials doped with metallic NPs depends on the size and concen-

tration of NPs, even though the subject is still a matter of controversy in the

literature. The large nonlinear absorption of silver nanoclusters and NPs are
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recently reported in the silicate, borate and oxyfluoride glasses, which are promis-

ing for applications in optical limiting and object’s contrast enhancement due to the

non-saturated and saturated nonlinear absorptions [99–101].

The formation of NPs in the glass commonly carries out by thermodynamic

reduction of NPs in the presence of an oxidant agent. Som and Karmakar showed

the feasible reduction process of silver [90] and gold [95] in antimony glass, as

follows

Sb5þ=Sb3þ, E0 ¼ 0:649 V ð14:31aÞ
Au3þ=Au0, E0 ¼ 1:498 V ð14:31bÞ
Agþ=Au0, E0 ¼ 0:7996 V ð14:31cÞ

3Sb3þ þ 2Au3þ ! 3Sb5þ þ 2Au0,ΔE0 ¼ 1:05V ð14:31dÞ
Sb3þ þ 2Agþ ! Sb5þ þ 2Ag0,ΔE0 ¼ 1:02V ð14:31eÞ

They suggested that the reduction of gold is faster than the silver ions. This idea

led to preparation of goldcore@silvershell nanoparticles [102]. Wu et al. [103]

investigated the reduction of silver ions to neutral NPs in a bismuth-borate glass

system, and the possible reduction is proposed as

Bi3þ=Bi0, E0 ¼ 0:3172 V ð14:32aÞ
Agþ=Ag0, E0 ¼ 0:7996 V ð14:32bÞ

Biþ 3Agþ ! Bi3þ þ 3Ag0,ΔE0 ¼ 2:0816V ð14:32cÞ

Dousti et al. [104] illustrated the reduction of silver ions to silver NPs in Er3þ-
doped zinc tellurite glass. The reduction of Agþ particles to Ag0 NPs can be

discussed by the reduction potential (E0) of redox system elements. The E0 values

of each component in this system are:

Te6þ=Te4þ, E0 ¼ 1:02 V ð14:33aÞ
Agþ=Ag0, E0 ¼ 0:7996 V ð14:33bÞ
Er3þ=Er0, E0 ¼ �2:331 V ð14:33cÞ
Er3þ=Er2þ, E0 ¼ �3:0 V ð14:33dÞ

Probable reduction process and their total potentials are as following:

Te4þ þ 2Er3þ ! Te6þ þ 2Er2þ ΔEo ¼ �7:02 ð14:34aÞ
3 Te4þ þ 2 Er3þ ! 3 Te6þ þ 2 Er0 ΔEo ¼ �7:722 ð14:34bÞ
Te4þ þ 2 Agþ ! Te6þ þ 2 Ag0 ΔEo ¼ þ0:5792 ð14:34cÞ

Therefore, from the thermodynamic point of view, only the last redox reaction

(14.34c) is feasible. The reduction of Agþ ions to Ag0 neutral particles and growth
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of silver NPs are also reported by addition of other reducing agents such as

SnO [105].

In the past decade, there were group of authors who contributed in the studies of

effect of the metallic NPs on optical properties of RE-doped glasses, glass-ceramics

and thin films. The effect of asymmetric silver NPs reduced in an antimony glass

system is reported by Som and Karmakar [90], where intense SPR peak were

probed in UV-Vis-IR absorption spectra. They concluded that the decrease in

NP-NP distances by increasing the concentration of Ag NPs enhances the localized

electric field and broadens the plasmon peak by a red-shift up to 1100 nm. The

formation of NPs with different shapes and size ranging between 4 and 31 nm was

discussed as an Ostwald’s ripening process.

Upconversion of only Ag NPs (without any RE ion in system) is also reported by

few authors [90, 106]. Som and Karmakar [90] presented the upconversion of Ag

NPs on antimony glass under 798 nm excitation wavelength where the SPR band

was observed around 598 nm in UV-Vis absorption spectrum. The upconversion

emission wavelengths were located at ~536 and 654 nm. Dousti et al. [106] 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. Luminescence

of metallic NPs are also observed by different research groups [107]. Such radiative

emissions from metallic NPs can either contribute to further enhance or quench of

the neighboring luminescent ions through energy transfer mechanism.

14.4.1 Eu3þ-Doped

The introduction of metallic NPs into the glassy hosts was first reported by Malta

et al. [21]. A large enhancement in the order of 5.6 for luminescence of Eu3þ in

borate glass (emission at 612 nm and under 312 nm excitation wavelength) has been

observed due to the presence of small silver particles by a concentration around

7.5 wt%. The absorption peak of small silver particles in this study showed a sharp

peak at 312 nm. In 1999, Hayakawa et al. [108] reported on the enhanced lumines-

cence of Eu3þ ions doped in silica glass in presence of Ag NPs having sizes of about
4.3 nm (surface plasmon band was observed at 394 nm). The enhancement of
5D0! 7FJ (J¼ 0, 1, 2, 3 and 4) emissions of Eu3þ ions doped borosilicate glass

(derived by a sol-gel method) in vicinity of polymer-protected gold NPs is also

reported by Hayakawa et al. [109], where 6 times enhancement is observed under a

long UV excitation light.

The luminescence of Eu3þ-doped lead-tellurite glass embedding gold NPs were

characterized by Almeida et al. [110]. The sample containing 0.5 wt% Au NPs and

annealed for 41 h (average particle diameter ~4 nm) show largest enhancements in

Eu3þ spectra under 405 nm excitation. Since, the electric dipole transitions such as
5D0! 7F4,2(Eu

3þ) are sensitive to polarizability and environment around the RE,

rather than those magnetic dipoles (5D0! 7F1,3), the presence of metallic NPs alert

them progressively. They concluded that the presence of small NPs cannot result in
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to the energy transfer process, hence the main contribution for such intensification

is attributed to increased local field around the Eu3þ ions. Such enhancements are

also observed in Eu3þ-doped GeO2-Bi2O3 glasses containing Au NPs by the same

research group [111], where SPR band of NPs observed at 500 nm and contributes

to 1000 % and 500 % enhancement of 5D0! 7F2,4 and 5D0! 7F1,3 emissions,

respectively.

The luminescence enhancements of Eu3þ-doped zinc-tellurite glass and lead-

tellurite glass are also reported. Two-times enhancement is observed for Eu3þ-
doped ZnO-TeO2 [112] and PbO-TeO2 [113] glasses after 12 and 9 h of heat-

treatments which lead to formation of silver NPs with an average size of 14 and

10 nm, respectively. Such enhancements are attributed to intensified local field in

distances between NPs and RE ions, induced by surface plasmons. In both reports,

the silver NPs are grown along (200) crystallographic direction (JCPDS

no. 030931), as revealed by TEM images (lattice constant of about 2–2.05Ả).
Jimenez at al. also reported on the enhanced UV-excited luminescence of Eu3þ

ions in silver/tin-doped glass [114]. However, such enhancements are attributed to

Agþ ions, and not Ag NPs. Moreover, the quenched PL is caused by Ag NPs, by

providing “the paths for the nonradiative loss of excitation energy in europium ions

through coupling with plasmon resonance modes”. Eu3þ-doped aluminosilicate

glasses containing different Ag species are reported by Li et al. [115]. The observed
broadbands in UV-Vis absorption, photoluminescence excitation and emission

spectra of the glasses suggest the presence of Ag ions and molecular-like Ag

species. However, after 30 and 120 min of heat-treatments, the silver NPs are

formed in the glasses and are discussed in terms of following redox reaction; Eu2þ

þAgþ!Eu3þþAg0. The surface plasmon band of the silver NPs in this glass is

observed at 440 nm by taking the difference between absorption spectra of samples

with and without NPs. Although the excitation lines of Eu3þ ions are suppressed in

the spectra of Ag NPs-doped samples, the luminescence emissions in the visible

region enhances under 350 nm excitation wavelength. The authors concluded that the

observed enhancement can be purely associated to the energy transfer from silver

aggregates to Eu3þ ions and not an enlarged local field by SPR of Ag NPs (Fig. 14.7).

Jiao et al. [116] investigated the effect of concentration of Eu3þ ions on the

formation and growth of silver NPs. They concluded that increasing the Eu2O3

content led to increase the Eu2þ ions and increasing the concentration of Eu3þ ions

and Ag NPs as; Eu2þþAgþ!Eu3þþAg0. In this regard, the enhancement and

quenching of Eu3þ emissions are observed under 280 and 340 nm excitation

wavelengths, respectively. These results are in good agreement with Riano et al.
[117] reporting on the intense surface plasmon band of Ag NPs in presence of Eu3þ

ions, rather than Pr3þ ions. However, they observed quenching of the luminescence

of Eu3þ ions, an indicative of energy transfer from Eu3þ ions to Ag NPs. Wei et al.
[118] also worked on the preparation of Ag NPs-embedded Eu3þ-doped oxyfluoride
glasses. The enhancement in emissions of Eu3þ ions are attributed to presence of

silver NPs, small-molecular like silver and isolated Agþ ions under 464, 350 and

270 nm excitation wavelengths, respectively.
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Kumar et al. reported on the enhancement of the luminescence of Eu3þ-doped
titanosilicate glass by introduction of silver NPs [119]. The silver NPs with average

particle size of 14.9 nm and TiO2 polycrystalline are observed in SAED and XRD

pattern of the glass samples. A broad absorption band in the 300–400 nm region is

assigned to SPR band of NPs. The photoluminescence emissions (λexc¼ 393 nm)

and excitations (λemi¼ 612 nm) showed enhancements after incorporation of silver

NPs. The asymmetry ratio (AS, the ratio of integrated emissions bands of Eu3þ

ions) are given as (
Ð
5D0! 7F2 dλ)/(

Ð
5D0! 7F1 dλ), which varies by the addition of

silver NPs due to modification of (i) ligand filed and (ii) refractive index around the

RE ions. AS factor increases from 2.627 to 3.615 for singly-doped and co-doped

samples, respectively.

Culea et al. [120] also reported on the effect of Ag2O and Ag NPs on the

spectroscopic and structural properties of lead-tellurite glasses. Enhancement of

red-emissions of Eu3þ ions by Ag NPs is also reported in other medium [121] under

a green light excitation which is known to be promising materials for solar cell and

nano biotechnology. Moreover, white light emission is observed in Eu3þ-doped
oxyfluoride glass containing molecular-like (ML) silver, where no proof was

observed to attribute the enhancement of photoluminescence to plasmonic silver

NPs [122].
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Fig. 14.7 (a) Luminescence spectra of Eu3þ ions in tellurite glasses embedding (A) 0 mol%,

(B) 0.5 mol% and (C) 1 mol% silver nanoparticles (NPs) under 460 nm excitation wavelength. (b)
Schematic partial energy level diagram of Eu3þ ions in vicinity of silver NPs showing localized

surface plasmon resonance (LSPR), nonradiative (NR) and radiative decays (Figures are adapted

from [113])
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14.4.2 Er3þ-Doped

In 2002, Strohhofer et al. [123] reported on the enhanced emission of Er3þ 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.

They concluded that such enhancement can be attributed to the silver ions/atoms

defects and an ET to Er3þ ions. Chiasera et al. [124] reported on the silver-sodium

exchange process in soda-lime silicate glass containing Er3þ ions. The plasmon

band of silver was observed in blue region, and its intensity increased by further

heat-treatments. The silver exchange has no effect on the broadband emission of

erbium; however, it increased the lifetime of this metastable state, which was in

disagreement with some older reports [123, 125]. The increase in lifetime of 4I13/2
was attributed to silver-induced radiation trapping [124], while the decrements is

featured by silver-induced defects in glassy hosts [123, 125]. Using the gold NPs in

an Er3þ-doped SiO2 thin film, prepared by sol-gel method, the optical absorption

and emission at 1.54 μmwere characterized by Fukushima et al. [126]. One hundred
times enhancement emissions of sample with 1 mol% Au NPs were attributed to

strong filed originated from confined surface plasmon, while the excitation wave-

length were selected to line in the Au plasmon band region, located at 520 nm. Lin

et al. [127] fabricated the Au NPs-doped erbium optical fiber in a germane-silicate

glass which showed plasmon resonance band around 498.2 nm, and the net gain of

broadband emission at 1535.6 and 1551.2 nm experienced enhances under 980 nm

excitation wavelength. The quenches are observed under 488 nm excitation wave-

length and are attributed to absorption of the incident energy by Au NPs. They

discussed the observed loss by an ET from Au NPs to lattice, and not to Er3þ ions.

The effect of the temperature on XRD pattern, absorption and emission spectra and

Judd-Ofelt parameters in a Er3þ-Au NPs co-doped alumina-silicate glass is inves-

tigated byWatekar et al. [128]. A blue shift in plasmon absorption band of gold NPs

is observed by increasing the annealing temperature. The radiative lifetime and

integrated emission cross-section of infrared emissions of Er3þ ion decreased after

introduction of Au NPs. Such quenches in non-resonance excitation process is

attributed to ET from Er3þ ions ro Au NPs. Singh et al. [129] studied the effect of

annealing time interval on the size of Ag NPs in Er3þ-doped tellurite glasses. They

exposed the samples containing Ag NPs under the temperature below the glass

transition temperature for different periods of time. They observed increased size

of NPs and enhancements in up-conversion emissions in visible range (green and red

lines) by increasing the annealing time.

The introduction of Au NPs in Er3þ-doped antimony glass raise up to prepara-

tion of dichroic nanocomposite [95], showing different colors in transmittance and

reflecting surfaces. The enhancements in the order of 3.4 and 7.5 times in green

(536 nm) and red (645 nm) bands through an upconversion luminescence were

attributed to the enlarged local field by asymmetric Ag NPs. Diffraction peaks of

Au NPs in XRD pattern was in good conformity with SAED results for NPs with
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sizes about 11–30 nm. Once more, broadening of plasmon peak (612–664 nm) was

observed due to presence of non-spherical metallic NPs. They conclude that

optimized upconversion intensity of Er3þ-doped antimony glass occurs with

0.03 wt% of Au. However, further increase of Au concentration results in quenched

luminescence, showing the ET from Er3þ ion to Au NPs and reabsorption due to

SPR of gold NPs [95].

Rivera et al. [130] showed that by exciting the Er3þ 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 ET from NP

to Er3þ ions. The small SPR peaks were revealed in an Er3þ-free Ag NP-doped

tellurite glass centered at 479 and 498 nm for 3 and 6 h annealed samples,

respectively. The peaks in XRD pattern of tellurite glass containing silver NPs

(2θ¼ 44.8� 0.4�, where d’¼ 2.0231� 0.0169 Å) belongs to the (hkl – 200) dif-

fraction planes of Ag crystals (JCPDS Card File No. 4–0783.). Slight increase in

FWHM and intensity of broadband emission of Er3þ ion (~1.55 μm) 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 Er3þ-single-doped tellurite

glass. In another study, Rivera et al. [131] showed that the lifetime of 4I13/2 level

increases due to presence of heat-treated gold NPs. Therefore, the upconversion

luminescence (2H11/2! 4I13/2, 805 nm) upon the 980 nm excitation enhances

drastically (~75 times) due to presence of annealed Au NPs up to 7.5 h. The large

enhancement is attributed to LSPR of Au NPs which is located at 800 nm, as

evidenced in UV-Vis-IR absorption spectrum, which modifies the local electric

field through an electric coupling by Er3þ ions. The XRD peaks of Au NPs are

revealed at 2θ¼ 38.3� 0.4� and 44.6� 0.3�, respectively corresponding to (111)

and (200) diffraction planes of gold [131].

de Campos et al. [132] investigated the Er3þ-doped bismuth-tungsten-tellurite

glasses containing silver NPs and heat-treated for 1, 24, 48 and 72 h. The maximum

enhancement in upconversion luminescence were observed for sample with 24 h

of heat-treatments, due to presence of NPs with average size of 35 nm. There was

no plasmon peak reported in this study, however, they conclude that a tail on the

absorption spectrum in the blue region belongs to SPR which is not clearly

observable due to small amount of silver NPs.

Amjad et al. prepared the Er3þ-doped magnesium phosphate [133, 134] and

magnesium-tellurite [135] glasses embedding silver NPs. Introduction of silver NPs

with average size of 37 nm enhanced the upconversion intensities of Er3þ ions

under 797 nm excitation wavelength by a factor of 2.04 and 1.99 for 540 and

634 nm emission bands, respectively. SPR band of Ag NPs was observed in an

Er3þ-free phosphate glass to be centered at 528 nm [133]. The enhancement is

mainly attributed to enhanced local field and partly discussed in terms of ET from

Ag NPs to Er3þ ions. HR-TEM imaging revealed the cubic closed pack structure of

the silver NPs as the lattice constant were measured to be 2.13Ả which is attributed

to d200 crystallography characterize of silver (d200¼ 2.05Ả, JCPDS No.030931).
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The effect of heat-treatment on Ag NPs-Er3þ-co-doped phosphate glass is also

investigated [134]. The enhancement in visible bands up to 2.2 times was reported

due to annealing the glasses up to 40 h at 300 �C. Comparing to their previous report

[133], the plasmon peak shows a blue-shift (observed at 488 nm) and the size of

NPs are clearly smaller, about 5 nm in average. However, HR-TEM image confirms

the presence of Ag NPs with d200¼ 2.17Ả. In the case of Er3þ-doped magnesium

tellurite glasses, the addition of 0.5 mol% Ag NPs resulted in more efficient

enhances in upconversion emission up to 3.33 times for the red emission after

24 h of annealing [135]. The silver NPs with average size of 12 nm were observed

with SPR band located at ~534 nm. However, it is reported in their work that

luminescence intensities in whole visible range quenched due to over-heat-treat-

ments. The ET from Er3þ ions to Ag NPs and reabsorption by SPR were mentioned

as main explanations for such quenches (Fig. 14.8).

The effect of silver NPs on the optical and structural properties of Er3þ-doped
zinc tellurite glass is investigated by Dousti et al. [96, 106, 136]. The absorption

bands of Er3þ ions are located at 445, 488, 522, 654, 800, 976 and 1526 nm and

ascribed to the electric transitions from the 4I15/2 ground state to 4F3/2/
4F5/2,

4F7/2,
2H11/2,

4F9/2,
4I9/2,

4I11/2 and
4I13/2 excited states, 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 average size ~10 nm and with SPR localized at 522 nm. 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 after 8 h of annealing (Fig. 14.9) [136]. After 2 h annealing, two

peaks in UV-Vis-IR spectra were attributed to SPR, centered at 550 and 580 nm.

After 8 h annealing, 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, enhances up to 6.5 folds were observed for upconversion emissions after

4 h annealing at temperatures above the Tg. Average size of manipulated Ag NPs
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Fig. 14.8 (a) TEM, (b) size abundance, and (c) HR-TEM microscopic images of silver NPs

embedded phosphate glass having average size of about 5 nm and grown along (200) crystallo-

graphic plane (Micrograph is taken from [134])
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were 14 nm, with two SPR bands at 560 and 594 nm, an indicative of formation of

non-spherical NPs.

Qi et al. [137] showed that presence of silver NPs enhances the 1.53 μm emission

of Er3þ-doped TeO2-Bi2O-TiO2 glasses under 980 nm LED excitation. SPR band is

observed at 537 nm and size of NPs was found to be ~13 nm. Er3þ-doped lead-

tellurite glass containing silver ions (using Ag2O) and silver nanoparticles (using

AgNPs) are also studied by Culea et al. [138]. The structural and optical properties

of these sets of glasses are investigated using different techniques. However, there

is no evidence of existence of Ag NPs using XRD, UV-Vis absorption and

photoluminescence spectroscopic techniques.

The influence of gold NPs on the upconversion emission and Judd-Ofelt param-

eters of Er3þ-doped tellurite glass is investigated by Awang et al. [139, 140] and
Sazali et al. [141]. However, the correlation of upconversion and Judd-Ofelt

parameters is still not clearly understood. Refractive index, density, the quality

factor, and thermal stability of this glassy system are also increased by addition of

Au content. Upon heat-treatments at various temperatures, the glasses showed

further enhancements of upconversion luminescence due to formation of

non-spherical Au NPs [142]. The effect of the heat-treatment duration on the

same glass shows improvement of green emission [143]. Surface plasmon band

of silver NPs in the bismuth glass is observed at 555 nm [144]. In this glass, the

infrared emission of Er3þ ions centered at 1554 nm experienced an enhancement in

the order of 7.2 times due to local filed enhancement by SPR. Judd-Ofelt intensities

parameters of these glasses are also increased by addition of Ag NPs. The enhance-

ment of upconversion luminescence of Er3þ ions in zinc boro-tellurite glass is also

Fig. 14.9 (a) Upconversion emission of Er3þ-doped tellurite glasses is enhanced in presence of

silver nanoparticles and heat-treatment up to 20 h (Adopted from [104]) (b) TEM image of silver

nanoparticles with average size of about 12 nm which are formed by heat-treatment up to 8 h

(Micrograph is taken from [136])

14 Plasmon Assisted Luminescence in Rare Earth Doped Glasses 367



reported [145]. Surface plasmon band is observed at 630 nm for silver NPs with

average size of 4.5 nm as captured by TEM imaging for 0.1 mol% of silver NPs

doped tellurite glass. In another study, the luminescence of Er3þ ions enhanced by

4 times due to introduction of silver NPs which are embedded through an heat-

treatment of borate glass, where SPR band is observed at 410 nm [146]. They

showed that extra heat-treatments results in decrease of the size of NPs, as observed

by a blue-shift (380 410 nm) in SPR band of Ag NPs.

Similar to above-mentioned reports, the effect of noble metallic NPs on the

optical properties of Er3þ-doped in various glasses are investigated wide and

large [147–150]. The effect of gold and silver NPs on the upconversion emissions

of Er3þ/Yb3þ co-doped glasses are also reported by different authors, and evident
enhancements are observed [151–154].

14.4.3 Nd3þ-Doped

Nd3þ-doped antimony glass embedding goldcore@silvershell NPs are studied by

different spectroscopic techniques [155]. XRD and SAED showed the formation

of core-shell NPs by diffraction patterns along the (111) and (200) crystal planes.

TEM imaging confirmed the presence of NPs by average size of about 22–107 nm.

The plasmon peaks of NPs are observed by UV-Vis-IR absorption spectroscopy in

the range of 532–675 nm, which showed a red-shift by increasing the concentration

of goldcore NPs. Five-fold intensity enhancement of upconversion emissions of

Nd3þ ion is observed under 805 nm excitation wavelength. The enhancements

of two-major bands centered at 540 nm (4G7/2! 4I9/2; green) and 649 nm

(4G7/2! 4I13/2; deep-red) are attributed to local field effect induced by

plasmonic core-shell metallic NPs.

Frequency upconversion emissions in Nd3þ-doped lead-germanate glass

containing silver NPs are enhanced under 805 nm excitation wavelength

[156]. The absorption band of silver NPs are not observed due to the low concen-

tration of this specie, however, TEM showed the nanoparticles with varying size

from 2 to 50 nm. Enhancement of upconversion emissions of Nd3þ-doped lead-

tellurite glass under 800 nm excitation wavelength is also reported by Dousti

[157]. Sixteen-fold enhancement is attributed to large local field in vicinity of

silver NPs having an average size of 18 nm. Different interactions and growth

process is also described and silver crystalline peaks are observed in XRD patterns

of glassy system at 2θ¼ 44� (Fig. 14.10).

14.4.4 Sm3þ-Doped

The effect of noble metallic NPs in antimony glass and glass-ceramic containing

Sm3þ ions were reported by Som and Karmakar [155, 158–160], and enhanced

368 M.R. Dousti and R.J. Amjad



luminescence in samarium emissions were observed. The red upconversion lumi-

nescence (centered at 636 nm) of Sm3þ ions is studied in presence of core-shell

bimetallic nanoparticles (Au-Ag NPs) in an antimony glass system. Two-fold

enhancement is observed under the excitation at 949 nm and the surface plasmon

band is observed in the range of 554–681 nm for various concentrations of metal

[102]. Similar results are observed by addition of silver NPs in Sm3þ-doped silicate
glass, where Ag ions are reduced to Ag neutral particles by antimony oxide as the

oxidant agent [161].

Li et al. [162] also investigated the effect of silver NPs on optical properties of

Sm3þ-doped silicate glasses. Different silver species are formed in the silicate glass

by an Agþ-Naþ ion exchange process. Although enhancement of luminescence

under 270/250 and 355 nm is observed due to energy transfer from Agþ and Agþ-
Agþ to Sm3þ ions, respectively, the presence of NPs quenches the luminescence

under 401 excitation wavelength. They concluded that the competitive absorptions

by Sm3þ ions and Ag NPs (SPR ~ 420 nm) suppress the luminescence of Sm3þ ions.
Jimenez and Sendova [163] studied the effect of silver species (Ag NPs and

non-plasmonic clusters) on the luminescence intensity of Sm3þ-doped
aluminophosphate glass as a function of holding heat-treatment time. The SPR

band is not observed up to 50 min of heat-treatments, however the luminescence

enhances gradually. The SPR band emerges and intensifies by further heat-

treatments up to 120 min, while the luminescence intensity of Sm3þ ions quenches

progressively. They concluded that the enhancements and quench in the lumines-

cence are associated to the presence of non-plasmonic clusters and NPs,

respectively.

In a recent study, the effect of the heat-treatment on the upconversion lumines-

cence of Sm3þ-doped borosilicate glasses containing silver NPs are examined

[161]. The silver ions are reduced by Sb3þ ions as oxidation agents and NPs are

grown gradually by increasing the time of heat-treatments up to 20 h. It is stated that

Fig. 14.10 (a) Enhancement in upconversion emission of Nd3þ-doped tellurite glass by increas-

ing the concentration of silver nanoparticles from 0 to 0.1, 0.5 and 1 mol%. (b) SPR band of silver

NPs in tellurite glass is centered at 522 nm [157]
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the further heat-treatments result in a translucent glassy component which is not

favorable for optical applications. The surface plasmon band of silver NPs in this

glass is observed at ~436 nm which red-shifts to 450 nm by increasing the heat-

treatments, indicative of a growth in the size of NPs from 8 to 14 nm (Fig. 14.11).

The effect of annealing temperature on the surface plasmon band position of

silver NPs embed in Sm3þ-doped lithium borate and sodium borate glasses are also

investigated [164]. The SPR band shows a disordered shift in the range of

425–445 nm with varying the annealing temperature from 430 to 510 �C. However,
the plasmonic effect of silver is too diminutive and causes a small improvement of

emissions from Sm3þ ions.

The enhancement in the luminescence of Sm3þ-doped tellurite glass by intro-

duction of silver NPs is also given in Ref. [165]. The author showed that under

406 nm excitation wavelength, the emission line at 645 nm enhances up to 130 % by

addition of concentration of Ag NPs up to 1 mol%. The increased luminescence of

the Sm3þ ions are attributed to localized surface plasmon resonance of silver NPs.

The effect of the silver NPs on the Sm3þ-doped different media are also

available. For instance, Kaur et al. [166] reported on the enhanced luminescence

of Sm-complex (PVA) where the Ag NPs were formed by laser irradiation at

355 nm. The SPR band is observed around 402–405 nm and emissions in the

visible range are enhanced for both 355 and 400 nm excitation wavelengths. The

lifetime of 595 nm emission of Sm3þ ions under 355 nm is increased in presence of

Ag NPs. Although, there are not many reports on the effect of noble metallic NPs on

the Sm3þ-doped glasses and glass-ceramics, different authors contributed to study

the influence of other NPs (such as CdS NPs) on the luminescence of Sm3þ ions

doped glasses [167].

Fig. 14.11 (a) UV-Vis-NIR absorption spectra of Sm3þ-AgNPs doped borosilicate glass without

(HT0) and after 6 (HT6), 12(HT12) and 20 h (HT20) heat-treatments. (b) Schematic partial energy

level diagram of Sm3þ ion in vicinity of silver NP where two-photon absorption mechanism results

in upconversion emission of this ion. Probable energy transfer (ET) and nonradiative (NR) decay

mechanisms are also illustrated. (c) Emission spectra of Sm3þ-doped glasses without (Sm) and

after incorporation of Ag NPs (Data are adopted from [161])
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14.4.5 Dy3þ-Doped

The influence of Ag NPs on the luminescence decay of Dy3þ-doped
aluminophosphate is reported by Jimenez [168]. Although the incorporation of

metallic NPs in this system quenched the luminescence of Dy3þ ions under

450 nm excitation wavelength, the new concept of “plasmonic diluents”

highlighted this work as a worthy publication to think over. The mechanism behind

the plasmonic diluents is similar to lowering the effective concentrations of ions,

where lower absorptions takes place in the system. On the other word, the resonance

excitation of the system results in an energy transfer from ion to particle (silver

NPs) which is a detrimental factor for subsequent PL processes, and results in

luminescence quenching. Moreover, Jimenez showed that the increasing the vol-

ume fraction of the silver NPs by increasing the heat-treatment durations, prolongs

the fast and slow decay times of Dy3þ ions.

On the other hand, in another study, the upconversion emissions of Dy3þ-doped
tellurite glasses are enhanced by heat-treated silver NPs [169]. Four-time enhance-

ment is observed for visible emissions under 800 nm excitation wavelength. Silver

NPs having an average size of 18 nm are observed and the enhancement in

photoluminescence feature is described as the modification of local field due to

difference between dielectric constant of medium and metallic particle (Fig. 14.12).

There are not many reports on the influence of noble metallic NPs on the optical

properties of Dy3þ-doped glasses or glass-ceramics. However, the influence of Cu

NPs on the luminescence of Dy3þ-doped barium-phosphate glasses is studied

[170]. Cu2þ and Cuþ ions are reduced to Cu0 NPs as Cu2þþ Sn2þ!Cu0þ Sn4þ

and 2Cuþþ Sn2þ! 2Cu0þ Sn4þ, respectively. The glasses are annealed for 30, 60
and 120 min, but all the observed photoluminescence emissions are quenched under

350 and 450 nm excitation wavelength. The quench is attributed to nonradiative

loss of excitation energy in Dy3þ ions with an energy transfer from ion to NP. The

effect of gold is also reported on the optical properties of Dy3þ- and Eu3þ-doped
silica nanoparticles [171].

14.4.6 Tm3þ-Doped

Assumpcao et al. [172] studied the upconversion emission of Tm3þ-doped zinc

tellurite glasses containing silver NPs. In the latter work, they investigated the

infrared-to-visible and infrared-to-infrared upconversion process under 1050 nm

excitation wavelength and the observed enhancements of luminescence is attributed

to the increased local field by silver NPs after heat-treatments. Assumpcao et al.
[173] also studied the frequency upconversion emissions from Tm3þ-Yb3þ

co-doped germanate glasses embedding silver NPs. They showed that infrared

(980 nm)-to-visible (480 nm) upconversion emission in the current system is due

to the energy transfer from Yb3þ ions to Tm3þ ions. They concluded that the
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absorption of two, three, and four photons result in upconversion emissions at

800, 652–477 and 542 and 455 nm, respectively. Presence of silver NPs is con-

firmed by TEM technique and NPs with average size of about 10 nm (isolated) and

80 nm (aggregated) are captured. Intensity of the upconversion emissions at vicinity

of SPR band are enhanced up to 30 %. Moreover, Assumpcao et al. [174] showed
that the SPR band for this glassy system can be observed by annealing the samples

at higher temperature (T> 480 �C) for 6 h. As reported, the intensity of SPR

absorption band and upconversion emissions increases by increasing the heat-

treatment temperature up to 540 �C.
The influence of silver NPs on upconversion emission of Tm3þ-Yb3þ co-doped

zinc tellurite glass is also reported [175]. However, there is no SPR band observed

for this glass system up to 72 h of heat-treatment at 325 �C. Upconversion

emissions in this system are associated to the energy transfer from Yb3þ ions to

Tm3þ ions, with only 2 and 3-photons absorption mechanism for bands at infrared

and visible regions, respectively. Silver NPs enhances the upconversion emissions

in order of 300 % under 980 nm excitation wavelength. Kassab et al. [176] reported
that the large Judd-Ofelt intensity parameters of Tm3þ ions

(Ω2¼ 15.65� 10�20 cm2) in Tm3þ�Yb3þ-co-doped zinc-tellurite glass containing

silver NPs can nominate them as optically stimulated quantum electronic devices

and optically operated fibers.

Singly Tm3þ-doped PbO-GeO2 oxide glasses containing silver NPs are also

investigated by the latter group [177]. Upconversion emissions are enhanced in

presence of silver NPs under 1050 excitation wavelength for heat-treatment up to

24 h. Further heat-treatments (up to 72 h) resulted in a quenching in luminescence
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Fig. 14.12 (a) Upconversion emissions of Dy3þ-doped tellurite glasses are enhanced and

quenched after 9 and 15 h of heat-treatments (HT), respectively, under 800 nm excitation

wavelength. (b) TEM image of silver NPs embedded tellurite glass after 9 h heat-treatments

with an average size of about 18 nm [169]
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spectra. Moreover, they concluded that the continuous heat-treatments stimulate the

NPs to aggregate while non-continues heat-treatments with a step of 12 h prevents

the aggregation of NPs. In another study, Qi et al. [178] observed significant

enhancement in emissions of Tm3þ ions due to participation of Ag NPs in the

bismuth germanate glasses.

Triply doped Tm3þ-Er3þ-Yb3þ lead germanate oxide glasses containing silver

NPs is also investigated [179]. The SPR band is observed at 400–500 nm region and

the broad FWHM of this band is attributed to presence of NPs with different sizes

and shapes. For excitation at 980 nm, enhancements of about 60 % are observed for

five emission bands. Two bands are associated to Tm3þ ions which are centered at

477 and 652 nm, and three bands located at 530, 550 and 660 nm are originated

form Er3þ ions. Energy transfers among these species are discussed in latter

reference. Figure 14.13 shows a schematic partials energy level diagram of this

tri-doped glass. The same doping system embedded in a tellurite glass containing

silver NPs is also reported by the same group [180] where efficient mid-infrared

emissions from Er3þ (1.55 μm) and Tm3þ ions (1.86 μm) are observed. Moreover,

efficient energy transfer from Yb3þ ions to Er3þ and Tm3þ ions are concluded

by time-resolved luminescence investigations. The decay lifetime of 4F3! 3H6

(Tm3þ) shortened from 3.4 to 2.9 ms by addition of silver NPs and lifetime of
4I13/2! 4I15/2 (Er3þ) decreased from 2.4 to 1.7 ms. Tm3þ/Yb3þ/Er3þ tri-doped

oxyfluorogermanate glasses containing silver NPs are also reported [181]. The

authors showed that the introduction of silver NPs reduces the glass thermal

stability as well as glass transition and crystallization temperatures. A broad

absorption band around 400–500 nm is attributed to surface plasmon band of silver

which is extended up to 800 nm for further annealing time intervals. Silver NPs are

grown from 4 to 10 nm by increasing the annealing time from 34 to 51 h. The

intensity of all the observed upconversion emissions (emissions at 476, 524,

546 and 658 nm, and excitation at 980 nm) increases by increasing the annealing

time up to 34 h, while it quenches for further heat-treatments. All the emissions

originate from a two-photon absorption process. The effect of Ag2O concentration

on the upconversion emission of the Tm3þ/Yb3þ/Er3þ doped oxyfluorogermanate

glasses is also studied by the same research group [13]. They showed that by

increasing the molar concentration of Ag2O up to 1.5 mol%, the upconversion

luminescence of both Tm3þ and Er3þ ions increases, whereas further introduction

of Ag NPs result in the quenching of emissions. The presence of non-spherical NPs

in this study is emerged by appearance of two SPR bands; transverse and longitu-

dinal modes located at 344 and 425 nm, respectively.

14.4.7 Tb3þ-Doped

A photoluminescence enhancement of about 1.6 times is observed in Tb3þ-doped
silicate glass due to incorporation of silver NPs [182]. Under excitation at 488 nm,

the emissions of Tb3þ ions at visible region (537, 578 and 612 nm) are enhanced
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thanks to the increased local field by metallic silver NPs. Tb3þ-doped silicate glass

containing silver NPs are also investigated by Piasecki et al [183, 184]. SPR band is

observed at 480 nm and the luminescence lines are enhanced under 325 nm

excitation wavlenegth. Maximum enhancement of 1.8 times is obtained for sample

containing 0.5 mol% of silver after 3 h of heat-treatments.

The SPR band of silver NPs embedded Tb3þ-doped silicate glass is located at

420 nm and its intensity increases by increasing the concentration of silver NPs

[185]. The emissions of Tb3þ ions in the range of 400–700 nm are enhanced for the

sample containing 3 mol% of AgNO3 and quenched in the glass sample embedding

5 mol% of silver NPs. The enhancement of about 35 % in emission intensity of

Tb3þ ions (543 nm) in a silica system is also observed as the lifetime of this

fluorescence reduces. Such fluorescence enhancement and increased radiative

decay rates are attributed to the increased local filed induced by silver NPs [186].

Verma et al. [187] investigated the effect of silver NPs on the fluorescence of

Tb3þ-doped aluminosilicate glass. Silver NPs are prepared by laser ablation in

distilled water, and embedded in the glass following a sol-gel technique. Surface

plasmon resonance band of silver is observed at 404 nm, and their radius is

estimated to be ~6.48 nm by measuring the FWHM of SPR band. The lifetime of

the 5D4 level of terbium is increased from 310 to 420 μs in the presence of silver

NPs. The emission intensity of rare earth ions enhances up to 100 % which is a

result of the energy transfer from the excited silver NPs to Tb3þ ions.

Sodium-lead-zinc-tellurite glass doped with Tb3þ/Eu3þ ions and silver NPs

showed a plasmon peak centered at 490 nm after a long heat-treatment [188]. The

large enhancement in luminescence of Eu3þ ions (centered at 590 and 614 nm) is
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attributed to simultaneous contributions of (i) energy transfer among Eu3þ-Tb3þ

ions and (ii) intensified local field in vicinity of Ag NPs and Eu3þ ions. They

observed that the integrated emission of Eu3þ ions increases by increasing the

annealing time of sample up to 62 h.

In addition, Tb3þ-Yb3þ doped aluminosilicate glasses containing silver NPs are

investigated by Pan et al. [189]. The SPR peak is observed at 420 nm which shows

no shift by further annealing. However, the presence of silver NPs with size of

about 3–7 nm is confirmed by TEM. Upconversion luminescence of Tb3þ ions is

enhanced after 5 h of heat-treatments, but longer treatments quenched the intensity

of PL spectrum. Moreover, the normal luminescence under 488 nm excitation

wavelength is quenched due to the quantum cutting effect.

14.4.8 Pr3þ-Doped

Kassab et al. [94] reported that the luminescence characteristics of Pr3þ in lead-

tellurite glass enhances due to presence of silver NPs with average size around

3.5 nm, which are formed by annealing at 350 �C for 7 h. Rai et al. also studied the

influence of silver NPs on the optical properties of Pr3þ-doped zinc-tellurite glasses
[190]. Upconversion emission of Pr3þ ions centered at ~482 and ~692 nm are

observed under the excitation with a nanosecond laser operating at 590 nm. An

enhancement of about 120 % is achieved for the integrated intensities of those

emissions after heat-treating the sample containing silver NPs up to 40 h. Enhance-

ment in luminescence of Pr3þ-doped PbO-GeO2 glasses are also observed in

presence of isolated silver particles and aggregated silver NPs with an average

diameter of 2 nm and less than 100 nm, respectively [191]. They showed that the

amplitude of surface plasmon band of silver NPs is centered at 464 nm in this glass

and increases by increasing the heat-treatment durations. Both energy transfer

mechanism from nanoparticle to ion and modified local filed around the Pr3þ ions

are discussed as the factors of enhancement, however the exact contribution of each

phenomenon was not concluded. Enhancement in emissions from Pr3þ ions doped

zinc-tellurite glass containing silver NPs is also reported [192]. The influence of

large local field on the Pr3þ ions is discussed as the major factor for enhancements

of visible emission under both 470 nm (Stokes) and 586 (anti-Stokes) excitation

wavelengths.

Furthermore, the effect of silver NPs on the luminescence of Pr3þ-doped borate

glass is investigated [117]. Both excitation and luminescence spectra showed

enhancement in the emission line centered at 558 nm and excitation at 442 nm,

respectively. The increased intensity of luminescence is attributed to “the resonance

between the energy band with the levels of the Pr3þ ions”. As mentioned before

(see 4.1), the formation of silver NPs in this system is slower than its counter-

part Eu3þ-doped glass, and the size of NPs are 4 times large in the case of Eu3þ-
doped samples.
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14.4.9 Ho3þ-Doped

The enhancement in the upconversion emissions of Ho3þ/Yb3þ co-doped tellurite

glass is also observed [193] by incorporation of silver NPs which are formed by

addition of AgNO3 to the glassy host, melted at 900 �C for 30 min and annealed

above its glass transition temperature. Silver NPs with average diameter size of

about 3–12 nm show a SPR absorption band centered at 560 nm and contribute to

~2.5 times enhancement in intensity of emissions at 546 and 657 nm under 980 nm

excitation wavelength.

Although there are not many reports on the effect of noble metallic NPs on the

luminescence of Ho3þ-doped glasses, some research group investigated the effect

of nanocrystals on such systems. For instance, Zhang et al. [194] reported on the

enhanced 2.0 μm emission of Ho3þ-Tm3þ-co-doped glass ceramics containing

BaF2 nanocrystals. Efficient energy transfer from Tm3þ to Ho3þ ions is attributed

to low phonon energy environment and reduced ionic distance of lanthanide species

after incorporation into nanocrystal embedding glass ceramics.

14.5 Summary

Improving the optical and thermal properties of glasses, glass-ceramics and crystals

is of supreme importance in order to develop the smart optical devices, such as solid

state lasers, amplifiers, undersea cameras, telecommunication devices, color dis-

plays and so on. The aim of this chapter was to revisit the current achievements on

the state of art in understanding the role of metallic NPs on the optical properties of

some rare earth-doped oxide glasses. Until now, various studies have been done to

enhance the properties of glasses containing RE ions. Incorporation of larger

concentrations of RE ions, introduction of second dopant, thermal treatments,

different synthesizing methods and varying the glass host matrix are among the

common techniques in order to modify the environment of the RE ions, which

significantly can alter its optical properties. Room temperature optical properties of

RE-doped glasses containing metallic NPs synthesized by a melt quench technique

have been studied by many researchers. Analytical techniques such as UV-Vis

absorption and photoluminescence spectroscopy have been used to optically char-

acterize the glasses and the data showed that Stokes and anti-Stokes luminescence

of most of the proposed glassy systems has improved by addition of metallic NPs.

In this chapter, initially, a short introduction on the importance of material

science, glass and glass-ceramic technology was explained in the first section. It

was followed by a chronological study on the history of glasses during the last

centuries. This section was continued by a review on spectroscopic properties of

rare earth ions in materials in general and glasses in particular. The developed

theories and models on optical properties of rare earth ions and interactions between

light and ions and ion-ion interactions were explained. The energy level diagram of
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electronic configuration of rare earth ions and probable mechanisms, such as energy

transfer and relaxation processes were summarized. Section 14.3 was devoted to

study the interaction of light with metallic NPs in the dielectric media. The effect of

shape and size of NPs on the optical behavior of the system are given. The custom

methods to prepare and observe the NPs and widespread applications of plasmonic

phenomenon were asserted. Finally, recent results on the influence of metallic NPs

on the glasses containing RE ions are listed in Sect. 14.4. Based on the results, the

potentiality and applicability of these studies are concluded in current section and

the new achievements and importance of the research is ascertained. However,

there are many characteristic analyses which are not provided in the literature.

Different preparation methods and environmental situations may alter the function-

ality and potentiality of the samples and several suggestions are listed for further

research as follows:

(i). Structural properties of the studied glass samples can further be investigated

through Raman spectroscopy, NMR, and ESR.

(ii). Thermal properties can be analyzed to correlate the nucleation of NPs with

thermal characteristics of glasses, especially at the heat-treatment

temperatures.

(iii). Trivalent rare earth ion possesses various excited states. The optical investi-

gation while doped with different co-dopants can be interesting where the

system can provide white-light emissions through the second and third

non-linear processes, and energy transfers.

(iv). Various preparation techniques are suggested by different authors to synthe-

size a glass. The usage of different melting and annealing temperature, and

pouring in different environments may also modify the structural and conse-

quently the thermal and optical properties of glasses.

(v). Ceramics show completely different structural, thermal and optical properties

with respect to amorphous glass system. Therefore, the preparation of

ceramics and glass-ceramics with the same compositions can be also

recommended to observe the behavior of a noble system. One may arise for

preparation of thin films by same composition.

As the final point, it is of utmost importance to recall that the controlling the size

and shape of the NPs is an imperative factor to establish an optically favorable

glassy system with enhanced optical properties. As revealed in this chapter, the

incorporation of metallic NPs can enhance the optical properties of the RE-doped

oxide glasses. Therefore, further investigations are suggested to provide a suitable

glassy system and to correlate the controlling parameters with size, shape and

performance of the NPs in such optical materials.
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