N

N

The past, present and future of photonic glasses: A
review in homage to the United Nations International
Year of glass 2022
Wilfried Blanc, Yong Gyu Choi, Xianghua Zhang, Marcelo Nalin, Kathleen A.
Richardson, Giancarlo C. Righini, Maurizio Ferrari, Animesh Jha, Jonathan

Massera, Shibin Jiang, et al.

» To cite this version:

Wilfried Blanc, Yong Gyu Choi, Xianghua Zhang, Marcelo Nalin, Kathleen A. Richardson, et
al.. The past, present and future of photonic glasses: A review in homage to the United Na-
tions International Year of glass 2022. Progress in Materials Science, 2023, 134, pp.101084.
10.1016/j.pmatsci.2023.101084 . hal-04090154

HAL Id: hal-04090154
https://hal.science/hal-04090154
Submitted on 31 May 2023

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-04090154
https://hal.archives-ouvertes.fr

Progress in Materials Science 134 (2023) 101084

Contents lists available at ScienceDirect :;LOGVIESS\V
MATERIALS
SCIENCE

Progress in Materials Science

pssir : >
ELSEVIER journal homepage: www.elsevier.com/locate/pmatsci

L))

Check for

The past, present and future of photonic glasses: A review in wdtes
homage to the United Nations International Year of glass 2022

Wilfried Blanc?, Yong Gyu Choi °, Xianghua Zhang °, Marcelo Nalin 4
Kathleen A. Richardson , Giancarlo C. Righini { Maurizio Ferrari 3, Animesh Jha",
Jonathan Massera', Shibin Jiang’, John Ballato " Laeticia Petit "’

2 Université Cote d’Azur, Institut de Physique de Nice, CNRS, Nice, France

Y Department of Materials Science and Engineering, Korea Aerospace University, Goyang, Gyeonggi 10540, South Korea

¢ Laboratory of Glasses and Ceramics, Institute of Chemistry, UMR CNRS-Université de Rennes I, Campus de Beaulieu, 35042 Rennes, France
4 Institute of Chemistry — Sao Paulo State University — UNESP, Araraquara, SP 14800-060, Brazil

€ College of Optics and Photonics, CREOL, Department of Materials Science and Engineering, University of Central Florida, FL 32816, USA
f CNR-IFAC, MiPLab, Via Madonna del Piano 10, 50019 Sesto Fno, Firenze, Italy

8 CNR-IFN, CSMFO Lab. via dlla Cascata 56/C, Povo, 38123 Trento, Italy

1 School of Chemical and Process Engineering, University of Leeds, Leeds LS2 9JT, UK

! Faculty of Medicine and Hedlth Technology, Tampere University, Korkeakoulunkatu 3, 33720 Tampere, Finland

J AdValue Photonics Inc, 2700 E. Bilby Road, Tucson, AZ 85706, USA

X Department of Materials Science and Engineering, Clemson University, Clemson, SC 29634 USA

! Laboratory of Photonics, Tampere University, Korkeakoulunkatu 3, 33720 Tampere, Finland

ARTICLE INFO ABSTRACT
Keywords: Since the invention and further development of lasers in the 1960s, photonics has grown into a
Optical glass field that permeates virtually every aspect of modern life. As photonics deals with the generation,

Chalcogenide glass

N transmission, modulation, amplification, conversion, and detection of light, glasses have played
Glass—ceramic

crucial and central roles in a multitude of applications given glasses’ diverse range of composi-

Hybrid . . .

Y . tions, properties, and forms. They are also low-cost materials, recyclable and generally easy to
Composite i ) X X A h
Fiber fabricate. In homage to the United Nations International Year of Glass 2022, this paper reviews
Film the past, present, and future of photonic glasses.

Waveguide

1. Introduction

Glasses are defined as non-crystalline solids that exhibit a glass transition. This is distinct from crystals which exhibit long-range
atomic periodicity and a well-defined melting point. Glasses can be prepared in a wide variety of sizes and forms (e.g., powders, bulk
samples, thin films, and fibers) with excellent homogeneity and transparency. As opposed to crystals, the composition of the glasses
can be tailored to achieve a range of properties that meet the needs of specific applications. As a direct consequence, glasses have been
central to many of humankind’s technological and societal advancements.

For centuries, one of the most significant impacts of glass has been in the field of art and architecture. The discovery of x-ray
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diffraction, microscopic techniques, optical and light-guiding properties, and theory of glass formation in 20t century has led to a
multitude of applications ranging from heat-resistant toughened kitchenware to lossless optical fibers and exceptionally large TV
screens with optoelectronic displays. As the demand for glass production increased, the need for energy in production processes has
remained a concern for commoditized products, namely container and flat glass products. In the 21 century, the flat glass used in the
built environment absorbs UV, cuts down heat loss by reflecting IR inside the dwelling, and creates an ambience which feels natural.
The recycling of glass has become an important part of energy saving in manufacturing, with further aims on increasing the func-
tionality of the designed product. Increasing the strength of glass remains an important goal so that the product may be used many
times by adopting the circular economy and digital identification approaches. To underline the importance of glass in everyday life,
from technological, scientific and economic perspectives, 2022 was declared the International Year of Glass (IYOG2022) by the United
Nations. The IYOG’2022 aims to spread the importance of the already identified 17 Sustainable Development Goals of UN, amongst
which the following goals (SDGS: 7 (Clean Energy e.g. via PV), 9 (Industry and Innovation), 12 (Responsible Consumption and Pro-
duction), 13 (Climate Change)) are highly relevant for functionalized glass products widely used in photonic devices which is main
theme of this review.

The materials reviewed in this paper are limited to optical glasses as they have been especially important for modern life in an age
of information and data. This review focuses especially on novel glasses developed from the classical optical glasses and their tech-
nological uses. Before discussing the latest progress in the development and applications of the most common photonic glasses (e.g.,
laser glasses, nonlinear optical glasses, photochromic/photosensitive glasses and magneto-optical glasses), the fundamentals of glass
formation, fabrication, and characterization are first presented. Also reviewed are recent developments of glass optical waveguides.
Finally, the authors’ view on the future of photonic glasses is presented as new applications will emerge across various fields, such as
environmental monitoring and medicine.

2. History of optical glasses

The history of terrestrial glass is in many ways the history of the Earth since the earliest glasses, known as obsidian, were made from
volcanic activity. The first human-made glasses date back to at least 2600 BC in Mesopotamia [1]. The beginning of shaping glasses
into vessels, for example, started as early as 1450 BCE in Egypt using a basic soda (Na0) — lime (CaO) - silica (SiO3) composition. The
first glasses were prepared using a mixture of sand (the source of silica), ground seashells (the source of lime) and hardwood ash (the
source of soda). Glass blowing was developed only near the beginning of the Christian era. While the first flat glass was obtained during
Roman times, the first glass windows only appeared in the 12t century. At this time, efforts were focused on the preparation and
selection of better raw materials and that work led to the realization of glasses with improved optical quality, i.e., transparency. Some
of the best examples of this progress are Bohemian “crystal,” a potash-lime glass, in 1680 [2] and “flint” glass, a lead-silica compo-
sition, in 1674 [3]. The science of glassmaking was first described in the 18119 centuries with the publication of the atomic theory
by John Dalton in 1808 [4], the beginning of the quantitative chemical analysis by Jons Jacob Berzelius, also in 1808, and, impor-
tantly, with the publication of The Atomic Arrangement in Glass by W.H. Zachariasen in 1932, which remains amongst the most
foundational works on glass science to the present day [5]. Because glasses of high optical quality were rare until the mid-19® century,
crystals were mainly used. For example, the spectacle lenses, the first transmissive optical elements, were fabricated using natural
crystals (mostly, colorless quartz, aka crystal rock) in the 13™ century [6]. Therefore, efforts began to focus on the preparation of
colorless and transparent glasses. Although glass-makers were able to fabricate colorless glasses in the 15t century, the first optical
glasses useful for light-based instruments were not obtained until 100 years later. Galileo played an important role in glass science by
devoting special attention to the fabrication of lenses and developing a telescope for observing ships further away than could be seen by
the human eye [7]. The first optical glasses obtained using a melt-stirring process were those developed in 1805 by Pierre Louis
Guinand [8] and Joseph Fraunhofer, who were the first to characterize their optical properties. Fraunhofer measured the absorption
lines in the solar spectrum now known as the Fraunhofer lines. His work led to great improvement in the manufacturing of optical
glasses. He also successfully built astronomical telescopes from high quality lenses with a diameter as large as 28 cm. The melting of
glasses other than silicates started from 1830 by Michael Faraday who worked on a wide variety of glass compositions. However,
commercial optical glasses were limited at the end of the 19™ century and only few companies, such as Chance and Brothers in England
and the Glastechnisches Laboratorium Schott in Germany, were manufacturing them [9]. At this time, glasses still possessed unpre-
dictable optical quality. There was a need for commercial glasses with better quality and this need led to the successful collaboration
between Carl Zeiss (an instrument maker), Ernst Abbe (a physicist), and Otto Schott (a chemist). Due their complementary theoretical
and technical expertise, a large variety of new glasses were developed in a very short time [10] as Schott was able to melt glasses with
high, precise, and reproductible optical quality. This partnership opened the door to the systematic glass development from the
methods Schott developed to estimate selected glass properties based on its composition. Hereafter, great progress in the development
of new glass types was achieved, one being, for example, heat-resistant borosilicate glasses used in streetlights at the end of the 19™
century. Glasses became materials of interest, particularly after the discovery of the lanthanum-doped glasses in the 1930s, of new
lead-borate glasses in the 1950s and, shortly thereafter, of the fluorophosphate glasses, all of which contributed to energize glass
research. An out-growth of this rise in glass research was the discovery of glass-ceramics by Donald Stookey of Corning Glass Works in
1954 [11]. Stookey pioneered an understanding of nucleation and crystal growth processes in glasses and his work led to significant
technologic advancements and commercial successes in astronomical mirrors and missile radomes, as well as cook-top panels and
cookware. More recently, in the 1990s, the world of glass science, especially the industrial sector, was shaken due to the need for
glasses free of lead and arsenic, which were shown to have negative health and environmental impacts. Another revolution in glass
science occurred in mid-1950 s with the development of amorphous non oxygen-containing chalcogenide (ChG) glasses based on the
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first reports by Schulz—Sellack in 1870 [12]. These glasses contain at least one of the chalcogen (Group VI) elements (S, Se, and / or Te,
excluding O) and exhibited weaker bonding than oxides. In the 1950s, Frerichs was the first to investigate the transparency of ChG
glasses [13]. One of the first uses of ChGs was in computer memories, due to switching effects first demonstrated in 1968 by Ovshinsky
[14]. To prove the potential of ChGs, an early review on the progress in ChGs was published in 1977 [15]. Since then, based on ChGs
and their unique properties (large linear refractive index and broad infrared transparency), a large number of new ChGs have been
investigated by combining chalcogens and other elements [9]. Other non-oxide glasses, such as those based on a fluorine anion (e.g.,
fluoride glasses) have also been of great interest. This fluoride glass family is based on the discovery by Poulainet al. in the 1970s, that
ZrF4 is a glass-forming compound [16]. For the past few decades, global efforts have focused on the development of oxyfluoride glasses
as their (molecular) structure and properties can be tailored through control of the oxygen to fluorine ratio [17]. Another important
milestone in the history of glass relates to the invention of the first glass laser in 1961 [18], which drove the subsequent development of
optical communication systems, including passive and active optical fibers [19]. After the “groundbreaking achievements concerning
the transmission of light in fibers for optical communication” reported in 1966 by Kao [20], who was awarded the Nobel Prize in
Physics in 2009 as a result, global efforts focused on the development of optical fibers with low-loss through novel fabrication methods
to achieve intrinsically high purity glass preforms. In 1970, optical fibers with 20 dB/km at 632.8 nm were successfully drawn by
Corning after successive technological developments [21] and losses were reduced to 0.20 dB/km at 1550 nm in 1979 [22]. The
attenuation minimum in mass-produced single-mode fiber today is now below 0.17 dB/km. A history of optical fiber can be found in
[23].

These are just few examples of selected milestones in the modern development of optical and photonic glasses. Readers are referred
to [24-26] for additional details on the history of optical glasses and glass-ceramics. Glass science is one of the oldest research fields
and has continuously evolved since at least 2600 BCE. Despite the great advancement in glass science over intervening millennia, glass
scientists worldwide should continue to develop novel glasses with improved properties and/or new functionality, particularly with
recent advances in nano-scale science, so that glass continues to meet technological and societal needs.

3. Glass formation, fabrication and characterization

The theory of glass formation and nucleation and growth process are introduced in this section. The most common techniques used
for the glass preparation and analysis of glass properties are also discussed briefly. This section is intended for students and researchers
who study optical glasses.

3.1. Theory of glass formation

Conventionally, to produce glass, powder raw materials of the respective components (e.g., SiO,, CaO, Nay0), with alkali or
alkaline earth species most frequently obtained in the form of less expensive carbonates or nitrates, are mixed in the appropriate
compositional ratios, and melted in a crucible at a high temperature. The melt is then rapidly quenched to prevent crystallization [27].
As shown in Fig. 1a, the melt is rapidly cooled to prevent crystallization during solidification (as defined by the decrease of viscoplastic
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Fig. 1. (a) Volume change as a function of temperature during glass formation, along with the resulting structure for crystallized and amorphous
SiO,. (b) Energy, represented by free energy, G, for both the supercooled metastable structure and the thermodynamically stable crystal. (Modified
from [28]).
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relaxation over a measurable timescale) which takes place at the glass transition temperature, Tg. This leads to a material that does not
exhibit structural long-range order, as well as to an increased volume and enthalpy when compared to the corresponding (i.e.,
compositionally equivalent) crystal. Accordingly, glass is metastable. However, below its glass transition temperature, the relaxation
time for structural reorganization (or spatial displacement, i.e., flow) is so long as to make glass effectively a solid, despite its liquid-
like structure.

The formation of silicate (SiO2-based) glasses is often defined by Zachariesen’s theory of glass formation [5]. This theory is also
referred to as the crystallochemical theory and led to the well-known 3D continuous random network representation of (silicate) glass
structure [29]. In brief, Zachariesen’s theory postulates that (1) the interatomic forces and nature of the bonds, in the crystal and the
glass, are similar, (2) glass, being metastable, is in a slightly higher energy state, as depicted in Fig. 1b and (3) the nearest neighbor
coordination polyhedral are similar in the glass and the crystal [5]. Therefore, based on these postulates, the following rules apply to
the formation of silicate glasses: (1) each oxygen atom is bonded to one or a maximum of two glass forming cations, (2) the coordi-
nation number of the glass forming cation is 3 or 4, (3) the oxygen coordination polyhedral share only corners, and (4) the polyhedral
structural units form a 3D continuous random network in which each polyhedron shares at least 3 corners with its neighbors. However,
this model only applies to silicate glasses, thus excluding metallic, fluoride, and chalcogenide glasses, for example. The model also fails
to represent the formation of chain-like or polymeric glass structures such as found in metaphosphate glasses. More generally, glass
formation can be represented as a kinetic model, thereby, any material can be made glassy, in theory, assuming that the critical cooling
rate is exceeded. Dietzel and Wickert refer to this as “glassiness,” that is, materials cooled at a sufficiently high rate such that crystals
cannot form [30]. This idea was revisited by D. Turnbull who adopted a criterion of avoiding a crystal nucleation event during cooling
[31]. However, those views lacked an ability to predict the critical cooling rate by which a melt must cool to yield a glass. To answer
this critical question, D. R. Uhlmann reflected on the nucleation and growth of crystals upon cooling / heating [32]. Crystal nucleation
and growth show both thermodynamic (temperature dependent) and kinetic (time dependent) dependencies. Here the idea was that
melts can be vitrified if the cooling rate is fast enough to inhibit the nucleation of the crystals above a critical size. Such a concept,
called transformation theory, is discussed in the next section [32-35].

3.2. Nucleation and growth theory

The theory of transformation kinetics relates the volume fraction crystallized, V./V, to the nucleation rate per unit volume, I, and
3 B
= ot (S udr) de
are functions of time at a given temperature. Indeed, if one calculates the nucleation and growth rates at a specific temperature, it is
then possible to calculate the fractional crystallinity. It is important to note that if no nuclei are formed, crystallization is avoided and a
glass results.
Nucleation processes: Nucleation can either be homogeneous or heterogeneous. Homogeneous nucleation refers to nuclei formed
uniformly in the melt while heterogeneous nucleation occurs at an interface, such as an impurity or the crucible wall. Typical im-

purities are seeds or bubbles, to name just two. The nucleation mechanism is both kinetic and thermodynamic. The thermodynamic
contribution relates to the free energy change associated with crystal formation, W*, whereas the kinetic contribution corresponds to

the crystal growth rate, u, over the time period, t, based on the equation VV =1- exp(

> . However, both I,, and u

the energy barrier required to initiate the formation of nuclei, AGp. The nucleation rate can be expressed asI = A [-w+ac )/kT] where

I is the homogeneous nucleation rate, A is the pre-exponential factor, k is the Boltzmann constant, and T is absolute temperature.

The thermodynamic contribution in the nucleation process relates to the change in free energy to form a nucleus. As shown in
Fig. 2, there are two distinct contributions to the nucleation.

One contribution is in favor of nucleation, i.e., the volume energy gain, and one that prevents nucleation, i.e., the surface energy
barrier. Therefore, once the surface energy barrier is overcome, spontaneous nucleation can occur. As such, the free energy change can
then be expressed as [37] AG = VAG, +Aoc;; where /\G is the change in energy that leads to a phase transformation, /A\Gy is the Gibbs
free energy difference between the liquid and the solid state, V and A are the volume and area of the crystals, respectively, and o) is the

Metastable equilibrium

Glass
Stable equilibrium
Crystal
3
@ Activation energy
5 ! / Surface energy barrier
Q i v
1< A
L Volume energy gain
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Fig. 2. Energy change from the metastable glass to the stable crystal (Modified from [36] with permission from Elsevier).
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surface tension between the two phases. In the case of a spherical nucleus the equation can be expressed as AG = %AGV +4nr?oy
where r is the radius of the nucleus.

As shown in Fig. 3, the sum of the volume energy gain and surface energy barrier, leads to a maximum. This maximum corresponds
to the critical size a nucleus (or "embryo" as noted in Fig. 3) must have to remain stable and spontaneously grow. Indeed, a nucleus with
r<r* will resorb into the melt and the crystallization process will be inhibited. If r>1*, the volume energy gain becomes dominant and
will favor nucleation and crystal growth. The minimum energy needed to form a nucleus with critical radius, r*, is expressed by AG" =
lézmi

3AG2"
The kinetic barrier to crystallization, /\Gg, is a function of (melt) viscosity and diffusion coefficient D and is expressed as D =

exp (%) where D is the diffusion coefficient, k is the Boltzmann constant, h is the Planck constant, A is the atomic jump distance,

kT2
h
and T is absolute temperature. The diffusion coefficient, D, can also be expressed as a function of viscosity, 1, at a specific temperature,

T, by the Stokes-Einstein equation [38], D = % Therefore, the steady state nucleation can be expressed as I = 3;;’;'7 exp( 731;(’;':’,3).

At temperatures close to or above the melting temperature, AGy is small and therefore I is close to 0, thus no nuclei form. When the
temperature decreases, /\Gy increases, thus decreasing the value for r* and, consequently, increasing I. If the system remains at a
temperature long enough to produce nuclei with size equal to or greater than r*, crystallization from the melt occurs [38]. This
demonstrates the importance to know and control, for each glass composition, the critical cooling rate to inhibit nucleation. It is
important to note that while steady nucleation in glass implies a linear dependence of the nucleation rate as a function of nucleation
time, a transient nucleation time is often noticed as demonstrated by K. F. Kelton [39].

While the above-mentioned nucleation theory applies to homogeneous nucleation, one should keep in mind that any impurities
such as bubbles, seeds, etc., can lead to heterogeneous crystallization. In such case, the interface between the seed and the liquid (melt)
will govern the nucleation mechanism. The free energy needed for a heterogeneous nucleation is accepted to be the product of ho-
mogeneous nucleation and a function of the contact angle between the seed and the liquid (AGpe = AGromog f(0), where

F(0)isf(6) =1 +3cosd —3cos36). The barrier energy needed for heterogeneous nucleation is then reduced by the presence of the foreign
surface. The wetting angle determines the ease of nucleation while the critical radius of the nuclei remains unchanged. However, the
volume can be significantly less for heterogeneous nucleation due to the wetting angle affecting the shape of the cluster [38].
Growth process: Once nuclei are formed, two distinct energy barriers must be overcome to subsequently grow the crystals, i.e., the
thermodynamic barrier (/\G.) and the kinetic barrier (/\G,), also called the activation energy. Crystal growth occurs through the
addition of atoms / molecules to an already formed (stable) nuclei at a rate that is a function of the thermodynamic and kinetic barrier
energies. The equation related to crystal growth can be expressed as U = agvexp( — §%¢) [1 — exp( — Yp&) | where ay is the interatomic
separation distance and v the (atomic) jump frequency [40]. For an atom to migrate from the supercooled liquid to the interface of the
(crystalline) nucleus, the activation energy, /\G,, must be reached. Using the Stokes-Einstein equation, the growth rate, U, can be

_ (kT AG, . N
formulated as U = <3;mg;;) [1 —exp(55) | and can be represented as a function of temperature as in Fig. 4.

Upon cooling the melt, the formation of nuclei and, thus, crystals are unlikely to occur if the nucleation and growth curves do not
overlap. However, one can re-heat the formed glass within the nucleation domain, to form a given number of nuclei. By increasing the
temperature within the crystal growth domain, it is then possible to obtain a glassy matrix with controlled volume density of crystals.
The controlled crystallization of a glass leads to the formation of a “glass—ceramic.”.

Kirkpatrick in 1981, following the work of Johnson and Avrami, described the overall rate of crystallization based on several
hypotheses: (1) both nucleation and growth occur simultaneously, (2) there is a uniform parent phase that does not contain any
crystals and (3) the nucleation occurs randomly leading to a three-dimensional (3D) bulk crystallization (spherical crystal) [33-35,41].
The total extended volume of crystals that formed or could form in the melt from the start of crystallization to any time, t, can be

_ 3
expressed as Ve = % |4 f;;é I, < f: Utdt) dr where V is the total volume of the material and 7 is the time. I and U are the nucleation and

Fig. 3. Nucleation free energy AG as a function of the cluster radius r.
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Fig. 4. Nucleation and growth rate as a function of temperature.

growth rates, respectively. This equation shows several limitations and leads to an overestimation of the true volume crystallized.
Indeed, the assumptions neglect “phantom” nuclei and the phenomenon of crystal impingement. Phantom nuclei correspond to
crystals that would form, in a specific location, if a crystal would not be already present. Crystal impingement relates to crystals that,
upon growing, “touch,” leading to a deceleration of their growth. A more general equation, given by ¢ =

_ 3
1—exp { -4 ;:’é I ( f: U[dt) dr} , was therefore proposed to consider those two effects [41]. This expression takes into consideration

any variation in nucleation and growth rates as a function of time. In the case of constant nucleation and growth rates, the above
equation gives the classic Johnson-Mehl-Avrami (JMA) relationship [41], ¢ =1 —exp[ — ZIU%t*]. Although this equation was derived
for 3D crystallization, Avrami explained that a more general equation could be used in order be applicable to crystallization occurring
in the volume or at the surface and regardless of the shape of the crystals: ¢ = 1 —exp( — gIU™t"), where g is the crystal geometric
factor, m and n are the Johnson-Mehl-Avrami exponents. The exponents m and n are typically integers or half integers that depend on
the type of growth occurring in the material (surface crystallization versus 1D, 2D or 3D bulk crystallization). Typical value for n and
the associated nucleation process are presented in Table 1.

Often this kinetic law equation is expressed as ¢ = 1 —exp( — (kt)"), where k is the effective overall reaction rate and is often
expressed using the Arrhenius temperature dependence ask = koexp( — %) , where E is the overall activation energy for crystallization,
ko is the initial reaction rate constant and R the gas constant.

Predicting nucleation and growth of crystals in glass remains challenging. Zanotto et al. studied in detail the fundamentals of glass
crystallization, focusing, for example, on the correlation between glass structure and nucleation mechanism, the effect of liquid phase
separation on crystal nucleation, the impact of surface crystallization on concurrent sintering or the diffusional processes controlling
crystallization [42]. Crystallization mechanism has been studied in a wide variety of glassy matrices, such as silicate [43,44], tellurite
[45], germanate [46], chalcogenide [47] or metallic glasses [48]. Crystallization of glasses, aside from improving the mechanical
properties, can also improve the spectroscopic properties [49]. More details about the impact of crystallization on spectroscopic
properties of glasses are discussed in Section 4.

Table 1
Value of n in kinetic law. Modified from [37].

Polymorphic changes, discontinuous precipitation, eutectoids reactions, interfaced control growth.

Conditions n value
Increasing nucleation rate >4
Constant nucleation rate 4
Decreasing nucleation rate 3-4
Zero nucleation rate 3
Grain edge nucleation after saturation 3
Grain boundary nucleation after saturation 1
Diffusion controlled growth
Conditions n value
All shapes growing from small dimensions, increasing nucleation rate >2.5
All shapes growing from small dimensions, constant nucleation rate 2.5
All shapes growing from small dimensions, deceasing nucleation rate 1.5-2.5
All shapes growing from small dimensions, zero nucleation rate 1.5
Growth of particles of appreciable initial volume 1-1.5
Needles and plates of finite long dimensions 1
Thickening of long needles (after complete impingement) 1
Thickening of large plate (after edge impingement) 0.5
Precipitations of dislocations ~0.5
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3.3. Most common fabrication methods

Glasses have mainly been fabricated by melt-quench methods, though, more recently, chemical vapor deposition and sol-gel
approaches have gained in importance.

The main feature of the melt (fusion) process is the large number of oxide and non-oxide compositions that can be suitably made. In
this process, the raw materials are weighed according to a desired composition. A batch of suitable precursors, usually powders, in
given component ratios, is meticulously mixed and, possibly, ground to obtain powders with uniform and small particle size. This batch
is then melted using a crucible or combustion tube. The melt may be further mixed, after which the melt is cast on (or in) a mold whose
temperature is often controlled to avoid cracking during the cooling. The resultant glass is often annealed using a thermal treatment at
a temperature near the glass transition to relieve internal stresses that may arise due to differential cooling between, for example, the
glass center and its surface. After annealing, the glass is slowly cooled to room temperature. The melting and annealing temperatures
depend on the glass composition. For example, pure silica glass melts at ~1700 °C whereas some phosphate and chalcogenide glasses
can be melted at temperatures below 950 °C. Non-oxide glasses require melting in an oxygen-free atmosphere to prevent oxidation,
which can degrade selected properties. They can be melted under a reactive atmosphere (CCly or SFg), in a neutral atmosphere (Ar or
Ny), or in vacuum, which is typical for the preparation of chalcogenide glasses. Chalcogenide glasses are commonly melted inside a
silica tube.

The main issue with the melting process is the preparation of glasses with low concentrations of impurities, such as OH, Fe?*, Fe>™,
Cu®*, which can greatly affect transparency. Despite the use of high purity chemicals (99.999% pure or 5 N), purification of the glass
batch is usually needed to prepare optical glass with low impurity content. A double distillation method using chlorides and metals has
been reported to eliminate impurities such as carbon, oxygen and hydrogen [50]. Another source of impurities is from the crucible used
for the melting, even when made of SiO,, Au or Pt. For example, the melting of chalcogenide glasses in silica tube leads often to the
inclusion of Si or SiO particles in the glasses [51]. Hydroxyl, OH, groups can have detrimental impact on various glass properties,
especially on the spectroscopic ones as discussed in the Section 4. Massera et al. showed a significant reduction in OH content by
adding fluorine-based raw materials, such as NH4F-HF in the batch and melting in O,-rich atmosphere [52]. To reduce contamination
in chalcogenide glasses, the atmosphere in the glove box has a low amount of both O3 and HO (typically < 1 ppm) and the silica tubes
are usually etched with HF to remove the surface impurities, washed with distilled water, and dried under vacuum.

Sol-gel methods have been shown to be reliable and low-cost approaches to synthesize multicomponent glasses with high purity,
controlled stoichiometry, and chemical homogeneity, all at low-temperatures. A “sol” is defined as a dispersion of colloidal (nano)
particles in a liquid whereas a “gel” is a rigid network with interconnected pores and polymeric chains [53]. The sol-gel principle is
based on wet-chemical technique typically using organic precursors for gelation. In this process, the precursors are first mixed. Then,
water is added for the hydrolysis of the precursors leading to formation of groups that interact to form an amorphous network via a
polycondensation process. The hydrolysis and polycondensation can occur simultaneous. The interconnected network is formed due to
the hydrolysis and polycondensation of organometallic and silica precursors. The formation of gels is then converted into glasses
without melting. The main challenge of this technique is the drying step due to the fracture of the gels caused by the large degree of
shrinkage, which creates stress. Sol-gel was first used to prepare silica and silicate glasses due to the moderate reactivity of silicone
sources and great efforts were directed to the preparation of silica and silicate glasses and glass-ceramics with good optical trans-
parency using this technique [54]. Since the beginning of the sol-gel technology in the late 1960s [55], many multicomponent glasses
in other glass systems have been successfully prepared with sol-gel technique, such as borate and phosphate [56], fluoride [57,58],
and chalcogenide glasses [59], just to cite few examples.

Finally, another relatively common alternative approach to prepare optical glasses is sintering compacted powders. The trans-
parency of the resultant glass is governed not only by the shape, size, and size distribution of the glass particles comprising the
compact, but also by the temperature, sintering time, pressure, atmosphere, heating and cooling rate, etc. The glass powder should be
nanosized for the reduction in the processing temperature and / or time. As the sintering occurs at viscosities of 10°12 Pa.s, transparent
glass can only be obtained if the sintering temperature is lower than the crystallization temperature. The sintering atmosphere should
be also properly chosen to obtain transparent glasses. Transparent silica glass was successfully obtained by powder sintering [60]. Hot
pressing has been also used to prepare glasses and glass-ceramics. Heavy metal oxide (HMO) glasses, which often experience vola-
tilization of constituents during melt processing that lead to compositional variation, have also been explored using hot pressing [61].
Recently, spark plasma sintering (SPS) has been employed to rapidly heat and compress the glassy powder compacts allowing the
enhancement of the density (reduction in porosity) while using a reduced sintering temperature. As opposed to the hot-pressing
technique, the heating rates used in SPS are very fast and the holding times very short. Over just a few years, transparent oxide,
oxyfluoride and chalcogenides glasses and glass-ceramics (GCs) have been successfully prepared using this sintering method [62-65].
Further information about the latest development of SPS to develop optical glass-ceramics can be found in [66].

3.4. Characterization methods

This section highlights some of the common measurements used to characterize glasses.

As it is discussed in more detail elsewhere in this review, glass-ceramics are of great interest for photonic applications. As noted,
glass-ceramics are usually prepared by crystallizing a glass. The crystallization needs to be controlled and so the glass transition (Tg)
and crystallization (Tp) temperatures are crucial parameters to determine. The temperature difference (/A\T) between the onset of
crystallization (Tx) and Tg can be used to determine the suitability of a given glass composition for various hot-forming applications in
which the glass needs to be heat-treated above its glass transition temperature to flow. A /AT of ~100 K generally suggests that the
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glass is a sufficiently good glass former and can then be a candidate for hot-forming as no crystallization is expected to occur during the
hot-forming process, such as fiber drawing for example. Differential Scanning Calorimetry (DSC) or Differential Thermal Analysis
(DTA) can be used to provide the thermal properties of a glass. These instruments can be used to investigate the thermodynamics and
kinetics of crystal nucleation and growth and also to calculate the nucleation rate.

As optical glasses need to be shaped into various forms (e.g., lens, fiber, film, etc), their resistance to shear deformation or, as more
commonly stated, their viscosity, needs to be measured. Viscosity is given in units of Poise (P), Pa.s, or N.s.m 2. As the viscosity is
temperature dependent and varies over >12 orders of magnitude from the practical melting point to the strain point, different in-
struments are required to measure the viscosity over a wide temperature range (Table 2).

The viscosity curve can provide useful information such as the working point, which corresponds to a viscosity of 10° Pa-s and is the
temperature where the molten glass can be formed / manipulated. In other words, the viscosity is low enough for some shear pro-
cessing (e.g., pressing, blowing, etc.) but high enough to retain some shape after shear is removed. The softening point, which is the
temperature at which glass will deform under its own weight, corresponds to a viscosity of 10%° Pa-s. Fiber drawing is normally
performed near the softening point. Glass manufacturers are interested in the annealing point, corresponding to a viscosity of ~10'2
Pa.s, which is temperature at which the stress can be substantially relieved in a few minutes. The curvature of the viscosity/tem-
perature plot provides useful information about the glass’ short-range order. It determines if a glass is “strong” or “fragile.” A fragile
glass would exhibit a larger degree of curvature in this representation (Fig. 5).

Strong glasses have a higher degree of short-range order with covalent bonds gradually dissociating with increasing temperature
whereas fragile glasses possess less defined short-range order with ionic bonds disintegrating rapidly with increasing temperature.
Silica glass is one of the least fragile glasses whereas borate and halide glasses are among the most fragile glasses due to their low
connectivity network. Germanate, tellurite and phosphate glasses have viscosities and fragilities between those of silica and boric
oxide.

Another parameter related to thermal properties is the coefficient of thermal expansion (CTE) of a glass. The CTE is the rate of
change in volume with temperature and it should be determined especially when fabricating lenses or core-clad fibers to avoid
cracking or stress-optic effects during processing. With few exceptions, the thermal expansion of a glass increases with increasing
temperature. Silica glass has a low CTE (6.7 x 10~7/K) compared to that of phosphate and chalcogenide glasses which range from 7 to
13 x 107%/K and 12-22.5 x 107%/K, respectively. CTE is typically determined using a push-rod dilatometer. The thermal expansion
curve allows the determination of the glass transformation temperature which corresponds to the onset of viscoelastic behavior and of
the dilatometric softening temperature which corresponds to the deformation of the glass as the rod sinks into it.

For most photonic applications, the glass should be sufficiently transparent over a given spectral range. Transmittance is measured
using a spectrometer often from ultraviolet (UV) to infrared (IR). Absorptions in the UV and visible ranges are often a result of
electronic transitions and the optical band gap is due to transition of a valence electron of a network anion to an excited state. Ab-
sorptions in the IR region typically are related to impurities such as dissolved gases, bound hydrogen species or vibrational / multi-
phonon interactions. Absorption bands in the visible can result from the 3d states of transition metal ions or 4f levels of rare earth
(lanthanide) ions, as well as metal or semiconductor colloidal particles or optical defects induced by solarization or radiation (see
Section 6). Changes in the glass composition and so in the structure, changes the transmission properties (Fig. 6).

The refractive index, defined as the ratio of the velocity of light in a vacuum to that in the glass, is typically measured using a
refractometer. The refractive index is related to the electron density or polarizability of the ions comprising the constituent com-
pounds. Low refractive indices are expected from glasses composed of low atomic number compounds. Under radiation with intense
laser beam, the refractive index, n, can change proportionally to the intensity of the beam, I, through the Kerr Effect, which is expressed
asn = ng + ngz I, where ny is the linear refractive index and n; is the nonlinear refractive index. The nonlinear index, ny, of silica glass is
small (~3 x 10 1% cm? W) whereas chalcogenide glasses have large n, (even >5 x 107 ecm? W1 [69]. The nonlinear properties of
glasses are further discussed in Section 5. While silica glass has a linear index, ng, of ~1.458, the use of lead or bismuth, for example,
can lead to glasses with indices as high at 2.5, whereas the addition of fluorine can be used to reduce the refractive index [70].

Raman and Fourier-transform infrared (FTIR) spectroscopies have been intensively used to investigate the molecular groups and
bonding types in glass. Energy is absorbed exciting the bonds in a molecule to a higher vibrational state. Each molecule produces a
different spectrum, akin to a chemical fingerprint. For a vibrational motion to be IR active, the dipole moment of the molecule must
change whereas for a transition to be Raman active, there must be a change in polarizability of the molecule. Another difference
between FTIR and Raman is their limit of detection: concentration of the species as small as 0.1% can be detected using FTIR whereas
the concentration of the species needs to be approximately 1% or greater when using Raman spectroscopy. Consequently, FTIR
spectroscopy has been used to detect impurities in optical glass such as OH groups with a typical broad absorption band in the
2000-4000 cm ! range. Readers are referred to the recent reviews on the use of FTIR and Raman spectroscopies to analyze glasses
[71,72]. Nuclear magnetic resonance (NMR) is another common technique used to investigate the structure of glass as it is element-

Table 2
Most common methods to measure the glass viscosity.
Range Method Viscosity Values (Pa.s)
Melting Rotation <10*
Falling sphere <10°
Softening and annealing Parallel plate 10° to 10°
Beam-bending 107 to 102
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Fig. 5. Viscosity as a function of scaled temperature (T*/T), (T* being the temperature at which the shear viscosity reaches 10'? Pa.s), illustrating
Angell’s strong fragile classification. (Reproduced from Ref. [67] with permission from Elsevier).
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Fig. 6. Transmission spectra for several glasses (thickness of about 2-3 mm) (Reproduced from Ref. [68] under the terms of the Open Access
Publishing Agreement).

specific. In this technique, the atomic nuclei in a strong constant magnetic field produce an electromagnetic signal when perturbed by a
weak magnetic oscillator field. NMR provides information about short to medium-range order; the network modifier cation-oxygen
distances and coordination numbers (short-range order), network former connectivity and network modifier distance distributions
(intermediate-range order), and ring-size statistics (medium-range order). A review of the benefits and challenges of using NMR to
analyze glasses can be found in [73].

X-ray diffraction (XRD) analysis has been commonly used to confirm the production of amorphous materials or the presence of
crystals in glass-ceramics for example. Using XRD, all issues related to the crystal structure of solids, including lattice constants and
atomic arrangement, identification of unknown materials, orientation of single crystals, preferred orientation of polycrystals, defects,
stresses, etc. can be investigated. The interaction of the incident rays with the sample produces constructive interference when con-
ditions satisfy Bragg’s Law, nA = 2dsin®, where d is the spacing between atomic planes in the crystalline phase, n is the diffraction order
and A is the X-ray wavelength. This law allows one to characterize the formation and structure of the crystalline phases precipitating in
glass during thermal or radiation treatments. The crystallite size, t, can then be estimated using the Scherrer’s equation, t = K\/pcos6,
where K is a dimensionless shape factor, with a value close to 0.9, and § is the full width at half maximum of the X-ray diffraction peak
in radians.

Scanning electron microscopy (SEM), coupled with image analysis techniques, has played an important role in the development of
glasses and glass-ceramics as it can provide morphology and compositional information on bulk, fiber, film, etc., and powder samples
as well as the distribution of crystals in glass-ceramics, for example. When coupled with Energy Dispersive X-ray Spectroscopy (EDS), it
can be used for composition analysis. As a complementary tool to image the sample with higher resolution, a transmission electron
microscope (TEM) can be used. The high resolution is obtained using localized electron beam due to small de Broglie wavelength of the
electron. Example of SEM and TEM images of crystals and metallic nanoparticles in glasses are presented in the Section 4.

As glasses typically are brittle, it is also important to measure their mechanical properties, the most common ones being the fracture
strength, elastic modulus, and hardness. The fracture strength of a glass is given by the force that must be applied to overcome the
maximum restorative force and describes the resistance of the glass to the propagation of flaw. The fracture strength can be measured
using linear elastic fracture mechanics (LEFM) method. The elastic modulus is determined using a bending test, from the slope and
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maximum stress values of the load versus displacement graph. It is typically from 10 to 200 GPa for glasses, arising from the changes in
the distance between the atoms induced by the applied force. The hardness of glasses is usually defined in terms of either the scratch
hardness using the Mohs scale, or indentation hardness using a Vickers indenter. The Vickers hardness of oxide glasses is between 2 and
8 MPa, silicate glasses being harder than borate, germanate, phosphate glasses whereas the chalcogenide glasses are soft glasses [74].

In summary, the thermal, physical, optical, structural, and mechanical properties of a glass should be measured systematically as
they are strongly dependent on the glass composition. They serve as a basis for comparison, selection, and quality assurance of glass-
based materials.

4. Luminescent glasses

The rare-earth (RE) ions comprise the fifteen lanthanoid elements of the periodic table, plus scandium and yttrium. The lanthanides
are mostly used for their luminescent properties, except promethium because it does not have a stable form naturally, as well as
scandium and yttrium due to their lack of luminescent properties. The RE electronic configuration is [Xe] 4f“5d1652, where [Xe] is the
electronic configuration for Xenon and n is the number of electrons in the f shell, varying from 0 (La) to 14 (Lu). The atomic number of
the lanthanide elements range from 57 (Lanthanum) to 71 (Lutetium), along with Scandium (Sc, Z = 21) and Yttrium (Y, Z = 39).
During ionization to form the typically stable trivalent form, 2 electrons of the 6 s shell and one electron of the 4f shell are removed
leading to partially filled 4f shell, whose electrons are electrostatically shielded by the outer-lying 5s? and 5p® electrons. A few of the
RE ions can be found in or converted to divalent and tetravalent oxidation states, for example (Eu*", Yb?* and Sm?") and (Ce*t, Pr**+
and Tb*"), respectively [75]. Because of their favorable energy level structure, RE ions can be used to produce emission across much of
the visible region and into the NIR, depending on the RE (Table 3).

4.1. Principle

This section provides a brief overview of RE ions’ electronic structure and the processes involved in electron transitions between
energy levels. In-depth descriptions of RE optical properties can be found in references [76,77].

4.1.1. Energy levels diagram

Light emissions from RE ions originate from intra-configurational (4f" — 4f") or inter-configurational (4f"!5d! — 4f") electronic
transitions leading to spectral band coverage from the ultraviolet (UV) to the infrared (IR), depending on the rare earth, the specific
transition, and the host material. For example, UV light emission is obtained from Ce>" doped fluorides due to the 4{°5d' — 4f!

Table 3

Common emissions from rare earth (RE) species.
Rare-earth ions Transition and corresponding emission Rare-earth ions Transition and corresponding emission
ce®t 5d — 4f — 338 nm & 662 nm Tb* D3~ "Fs — 415 nm

5D3— “F4 — 440 nm
5D3— 7F5 — 460 nm
5Dy— "Fe — 488 nm
5D4— 7Fs — 545 nm
5Dy~ "F4 - 585 nm
5D4— "F5 - 620 nm

pr 1Sy — g — 420 nm Dy>" “Fg/5 = ®His/2 — 490 nm
3Py — 3Hy — 515 nm “Fg,5 — ®Hy3/2 — 575 nm
p, - %H, — 630 nm “Fg,5 — °Hy1 /2 — 665 nm

3Py — 3F, — 670 nm
3py — 3F4 — 770 nm
G, — 3Hs - 1300 nm
Dy —» 1G4 - 1470 nm
3F43 — Hy — 1600 nm

Nd3* “D3/5 — “I3/2 — 395 nm Ho®* 5F5 - SIg — 490 nm
?P3/3 > *Ii5/2 — 470 nm 5S,, 5F4 — °Ig — 550 nm
*Fa/2 > *Io2 - 900 nm SFy— Slg; SF3— I, — 660 nm

“Fs/3 — “l11/2 — 1060 nm
“F3/5 — *13/2 — 1345 nm

Sm>* *Gs/ — ®Hs,5 — 565 nm Er’t *Hy1/2 = *I15/2 — 530 nm
*Gs/ — ®Hy/5 — 600 nm 4S3/2 = *I15/2 - 550 nm
#Gs/3 — ®Hgy3 — 650 nm “Fg,5 — 15,2 — 670 nm
*Gs/2 — °Hir/2 - 705 nm 4S5/ = “I13/2 — 850 nm
“iajz = “I1s/2 — 1540 nm
Eu®* 5Dy — "Fo — 580 nm Tm3*+ 1G4— °Hg — 480 nm
5Dy — 7F; - 590 nm 1G4— 3F4 - 650 nm
5Dy — "F2 — 615 nm 1H,— °He — 800 nm

5Dy — F3 — 650 nm
5Dy — "F4 — 700 nm
Gd** 5P, /5 — 85,5 — 310 nm b3 5Fs/9— °F7/5 — 1020 nm
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transition [78], whereas the same transition leads to red emission when emitting from ce®t doped nitrides [79]. The line shape and the
linewidth of the corresponding spectral emission may vary significantly. The 4f wave functions lie within the closed 5s25p® xenon shell.
Due to screening, the electrons of the 4f shell have weak interaction with the host. The energy level scheme with the splitting induced
by the different interactions is shown in Fig. 7.

The Hamiltonian of the RE ions in bulk material can then be described as [76] H = Hy + He + Hso + Hcp where (1) Hy describes the
interaction between the nucleus and the electron together with the electron kinetic energy, (2) H,; considers the electrostatic inter-
action (repulsion) between electrons. The 4f configuration becomes decomposed in states labelled 2"'L where S and L are the sum
vectors for the spin and the orbital quantum numbers respectively, for the 4f layer electrons, (3) Hgp is related to the spin-orbit
interaction, leading to 25+1, g multiplets, where J is the total angular momentum, i.e., the vectoral sum of L and S (Russell-Saunders or
LS coupling). The host influence is weak, leading the J multiplets to split into Stark components, typically separated by 10-100 cm ™!
(in comparison, SO states are separated by 1000-10,000 cm™1). The degeneracy strongly depends on the site symmetry. The position of
the Stark levels depends on the covalent nature of the RE-host interaction (i.e., partial distribution of the RE electron density on the
surrounding atoms, similar to that of oxygen atoms in oxide materials). However, this effect, known as the nephelauxetic effect, is
more pronounced for the 5d electrons because there is no screening from the closed 5s%5p® shell, contrary to what occurs with electrons
in the 4f shell, and (4) Hcr represents the interaction between the RE ions and the host. In the case of 4f-4f transitions, Hcg < Hgo due to
the screening of the 4f electrons by the 5s and 5p electrons. In the case of 5d-4f transitions, Hso < Hcg.

4.1.2. Dipole transitions

Two types of dipole transition can occur between two electronic states: electric and magnetic dipole transitions. Except for a few
specific transitions, such as 4113 /2 — 4115/2 for Er3+, the magnetic dipole transitions are several orders of magnitude weaker than
electric dipole transitions and will not be covered in this section [80].

(bylDla;)?
interaction operator and i,j, are the designations for the respective initial and final transition levels. Although the electric dipole

transitions are forbidden due to the selection rules (no transitions between states of same parity), these transitions are allowed as the
crystal field combines (“admixes”) 5d states (of opposite parity) with the 4f states. The oscillator strength f is expressed as f,5 =

The line strength, S,p, of a transition between states a and b is given by Sqp = >7;;

, where D is the electric dipole

% % ésa,b where h is the Planck’s constant, n is the refractive index of host refraction, v is the mean photon frequency, g, is the
degeneracy of the initial state a (g, = 2J, + 1), m and e are the electron mass and charge and ;. is the local field correction. The local

field correction occurs due to different polarizability between the host and the ion and can be expressed as the following for the electric

2
dipole transitions y; = ("23+ 2) . For RE ions, the oscillator strength is typically on the order of ~107° (it is ~1 for allowed transitions).

4.1.3. Broadening of emission / absorption bands

As the energy state lifetime is finite (/\E/\t > h, Heisenberg uncertainty principle) and as the interaction between the RE ions and
their environment is very specific, the emission / absorption band can be described by a Lorentzian function. The homogeneous
broadening of the emission / absorption band, which is mainly due to the ion-phonon interaction dominant mechanism, varies with
temperature T as follows: (1) for T >> Tpebye (10-20 K), Raman processes, which can be described as a two-phonon mechanism, are
predominant, and the homogeneous linewidth varies as T2, (2) for T < 10K, the dependence follows the T* power law with o = 1-2 in
glasses as reported in [81]. This behavior is different from that of a crystal and is explained in the framework of the Two-Level State
model [82]. Homogeneous linewidth is typically ten times larger in glasses than it is in crystals. (3) The inhomogeneous broadening is
due to site-to-site variation of the crystal field modifying the Stark splitting (see Hcp splitting in Fig. 7) and also the optical transitions
strength. The overall transitions can then be described using a Gaussian function. As opposed to the homogenous broadening, the
inhomogeneous broadening does not depend on temperature. (4) Homogeneous and inhomogeneous broadenings have comparable
values (about 10-100 cm™?) at room temperature. The transitions line shape can then be described by a Voigt function, the convolution
of a Gaussian and Lorentzian function.

25+1 |
zs+1L J

af

HO Hel HSO I-'ICF

Fig. 7. Energy levels diagram of a RE ion in bulk material, the straight arrow shows radiative transition between 25*L; levels; the wavy arrows
correspond to non-radiative transitions that may occur between 25*'L; Stark levels.
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4.1.4. Radiative and non-radiative lifetimes

Fluorescence and phosphorescence are two light re-emission mechanisms which differ by their emission lifetime values: fluores-
cence re-emission lifetime is shorter (ns or us) whereas phosphorescence emission lifetime is longer (>ms). The fluorescence lifetime
(1) of a level depends on both the radiative (t,) and non-radiative (t,,) lifetimes as % = Tl-&-% More specifically, the 7, radiative lifetime

is expressed as rl,: Agp, where the Einstein Aqj, coefficient accounts for the spontaneous transition rate from energy level a to energy
level b, it relates to the oscillator strength fu p, fop = 47r60% )%LA‘IJ" The 1, non-radiative lifetime component is due to the inter-
action of the RE with the vibration states of the host and occurs within the Stark levels where the energy differences between sub-levels
are small. Stark level populations are thus mainly governed by Boltzmann statistics, with the non-radiative rate Wy, expressed as i =
Wy = Woexp( —a(AE) —2E, ), where Wy and o are characteristic constants of the host material, /\E is the energy difference between
the two levels where the transition occurs and Ej, is the highest phonon energy. Both radiative and non-radiative lifetimes depend on
macroscopic properties of the glass such as its refractive index and phonon energy. The phonon energy, which depends on the host
material, impacts the radiative and non-radiative nature of the transition. For example, the transition from the 3H, level of Tm3" is
98% non-radiative in silica, which exhibits a (maximum) phonon energy of ~1100 cm ™. In a fluoride glass, this same transition is
close to 100% radiative since fluorides typically possess phonon energies on the order of ~550 cm™!.The variation in the radiative
lifetime of the Eu®" ion in Y03 nanocrystals, taken as an example, as a function of n is illustrated in Fig. 8 [83]. Fig. 8 clearly shows
that, despite the Eu>* ions are embedded in nanocrystals, the radiative lifetime increases with the decrease of the host refractive index.

For particles embedded in glass (material considered as heterogeneous), the effective medium approximation model introduces an
effective dielectric permittivity ee or effective refractive index, neg, which is the average of individual dielectric permittivities. This
approximation is valid only while the material is considered homogeneous at the optical wavelength scale. Typically, nanoparticles
should be smaller than A\/4 (quasi-static approximation) and of sufficient number to consider the material as homogeneous [84]. A
variety of models enable calculation of e.g (or n.g) for specific composite geometries such as the Maxwell-Garnett geometry which can
be used for small particles inclusion in a host material, and the Bruggeman geometry in which the material is seen as two inter-
connected phases (spinodal decomposition) with one phase containing the RE element. The effect of the local-field on the spontaneous

3

2
emission rate A, or the radiative fluorescence lifetime 1y, (A = 1/7j,) of a luminescent ion is 71, = é (m> Tyac. Where T, is the
eff

radiative lifetime of the luminescent ion in vacuum, and ney is the effective refractive index. An example of the dependence of
relaxation time between the two lowest °Fs sublevels of Ho®" in LaF3 nanocrystals embedded in a silicate host with the size of
nanocrystal was reported in [85] (Fig. 9a). When particle size reaches 25 nm, the relaxation time is near that expected for the LaF3
single crystal (Fig. 9b).

4.1.5. Energy transfer

When the concentration of RE ions is large, RE ion can interact with any other RE ions, or with any additional ion which has energy
transfer resonant with its own transition. This ion-ion interaction occurs when the average distance between two ions is on the order of
one nanometer, i.e., a concentration of about 1027 atoms/m° for a homogeneous distribution [86]. For the energy transfer to occur, a
resonance between a pair of energy levels of a so-called donor ion and that of a so-called acceptor ion is required. There are three kinds
of transfers, as illustrated in Fig. 10 in the case of atoms with two energy levels.

(1) Radiative resonant transfer can be defined as the emission of a photon by the donor ion, which is absorbed by the acceptor. The
probability of radiative resonant energy transfer between the donor ion and the acceptor ion can be written as Pps = 7,24~ /
8p(v)ga(v)év where Ty is the lifetime of the donor ion, 6, is the integrated absorption cross-section of the acceptor ion and the
integral represent the spectral overlap between the emission spectrum of the donor ion and the absorption spectrum of the

e siteC
x=0.1 m site A
—— eq. (1) for different x |

radiative lifetime (ms)
N

Gd,0,
0O 12 14 16 18 20 22

-0

Fig. 8. The dependence of 5Dy radiative lifetime for the Eu®* ion in Y,03 nanoparticles (C and A sites) on the refraction index (ny,eq) of media
surrounding the particles at T = 295 K. Solid lines represent fits for nanocrystalline samples (Eu®* in site C) with different filling factors (x).
(Reproduced from Ref. [83] with permission from American Physical Society).
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Fig. 9. (a) Energy level diagram of Ho>" ions, with only first sublevels of ®Ig and >F5 manifolds represented. (b) Relaxation time t; between the two
lowest °Fs state sublevels of Ho®*. Solid line: the relaxation time value for LaFs single crystal. (Reproduced from Ref. [85] with permission from
American Physical Society).
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Fig. 10. Three main energy transfer mechanisms between RE ions: (a) radiative resonant, (b) non radiative resonant, (c) non-resonant
non-radiative.

acceptor ion, assuming that [gp(v)év =1 and [ga(v)6v = 1. This type of transfer can take place over long distances and can
lead to energy migration or radiation trapping which has the effect of increasing the lifetime of the donor ion.

(2) The non-radiative resonant transfer corresponds to the exchange of energy between the donor and acceptor ions without
emission of a photon. The two ions are coupled by a Coulomb interaction of the Van der Walls type. This multipolar interaction

can be expressed as Ppy = (R% R

electrical interactions, respectively, tp is the lifetime of the donor ion (without ion A), R is the critical distance for which tp, is
halved with the presence of an A ion.

(3) The non-resonant non-radiative transfer corresponds to an exchange of energy with emission or absorption of several phonons
to compensate for the non-resonance between the energy levels of the donor and acceptor ions.

' where s = 6, 8, 10 for dipole-dipole, dipole-quadrupole and quadrupole-quadrupole type

If the donor ion has three energy levels separated by the same energy gap, the highest energy level can then be excited towards the
intermediate level by transferring its energy to the acceptor ion. This mechanism is called cross-relaxation. This effect causes the
luminescence extinction of the donor ion at high concentration and is manifested by a reduction in the luminescence lifetime of the
level considered. The previous mechanism leads to a Stokes emission of the acceptor ion, i.e., to an energy emission lower than that of
the high level of the donor ion. However, such an energy transfer can take place several times and lead to anti-Stokes emissions. This
effect has been called Addition de Photons par Transfert d’Energie (APTE). Cooperative sensitization consists of the simultaneous de-
excitation of two donor ions to excite an acceptor ion. Cooperative luminescence results from the same deexcitation of two donor ions
simultaneously but to excite a virtual level as in the case of Yb>" to yield a green emission.

4.2. Common applications of luminescent glasses

Lighting: Due to their ability to emit in the visible, RE ions have been useful for the development of lighting systems. Currently,
lighting systems such as white-light LEDs (WLEDs) consist of a blue-emitting LED (InGaN) and a layer of Y3Als012:Ce>" converting part
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of the blue radiation into yellow, the combination of the two colors producing white [87]. However, such a combination emits a weak
red emission which limits color-rendering. In addition, the phosphors are mixed in a resin whose thermal properties and chemical
stability can have long-term disadvantages. Glasses doped with rare earth ions then present a very interesting alternative. White
emission can be obtained by doping with one, two or three rare earths, involving either down-conversion or up-conversion processes
[88]. The Dy>" ion has been particularly well studied for white light emission because it emits blue and yellow-orange following an
excitation around 450 nm [89]. The Eu®" ion represents an alternative for single doped white light sources. By varying its concen-
tration, its emission wavelength can vary from cyan to yellowish-green and thus provide white light when combined with a 385 nm UV
LED or a 450 nm blue LED [90]. In the case of co-doping with two REs, the activator ion is used for its own emission and to excite
another ion through energy transfer. For white light sources, the activator ion often is Dy>* co-doped with Eu®* or Tm**. Co-doping
with Eu* makes it possible to add an emission in the red spectrum [91]. Tm>* ion is incorporated to increase the blue emission
intensity whereas the Dy>" ion emits a strong intensity in the yellow [92]. Another activator ion of interest is Ce>* which can be co-
doped with Dy>* [93], Sm®" [94] or Tb®" [95]. Triply-doped materials can selectively emit blue, green and red, and were studied as
early as 1991 in a borate glass doped with cedt (blue), b3+ (green) and Mn?t (red) [96]. At that time, the interest was for low pressure
mercury vapor lamps emitting at a wavelength of 254 nm. More recently, other rare earth ion pairs have been reported for wLEDs such
as Tm>*/Tb%*/Eu®" in an aluminoborate glass [97], Tm>*/Tb3*/Sm>* in a phosphate glass [98], and Ce**/Dy>*/Eu>" in a boro-
silicate glass [99]. The generation of white light can also be obtained by using a diode emitting at 980 nm [100] and exploiting up-
conversion mechanisms. The Yb>* ion is mainly used to absorb this irradiation and transfer its energy to other rare earth ions capable
of emitting blue, green and red.

Laser glasses: The first glass laser, reported in 1961, was based on a N doped barium silicate glass [18]. To be used as high-
power laser amplifiers, the glass must exhibit low optical nonlinearity and a high threshold for optical damage [101]. For example,
glasses within the P,05-Al;03-M50-MO system (M2O = K0 or a mixture of alkali oxides, MO = alkaline earth oxide) have been used
for high-peak-power laser application, especially the commercial glasses LG-770 (58-62P205-6-10Al503-20-25K50-5-10MgO-0-
2Nd;03 Schott Glass Technologies) and LHG-8 (55-60P205-8-12A1,03-13-17K50-10-15Ba0-0-2Nd,03, Hoya Corporation), which are
used in installations such as the Laser MégaJoule (LMJ, France) and the National Ignition Facility (NIF, USA) [102].

Scintillator glass: Scintillators are materials that emit visible light when subjected to ionizing radiation such as alpha or beta
particles, electrons, neutrons, x-rays or gamma-rays [103]. They are used in many fields such as high energy physics [104], medicine
and health [105], or microscopy [106]. Initially, ionizing radiation of energy much higher than the bandgap of the material creates
electrons in the conduction band (and holes in the valence band). Then, in the “thermalization” stage, these electrons interact with the
other atoms of the host thereby losing energy, until they have an energy approximately the same as the bottom of the conduction band
(and the holes thermalize to the top of the valence band). The electrons and holes can then recombine directly (intrinsic luminescence)
or through a luminescent center, which is generally an impurity or dopant (extrinsic luminescence). Compared to the single crystals
generally used, glasses can be prepared with low-cost and large-volume production with various shapes (e.g., rods, fibers, discs, etc.)
while providing high optical transparency. Their chemical durability can also be an advantage over common crystalline scintillators.
As an example, for neutron detection, a °Li aluminosilicate glass scintillator is preferred to a °Lil crystal because iodides are deli-
quescent [107]. On the other hand, glasses can contain a large number of defects (intrinsic or induced by the irradiation) constituting
many traps for the electrons or holes, which can delay radiative recombination or degrade the luminescence yield. Trivalent cerium
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Fig. 11. (a) Regions of the solar spectrum that can be used in a solar cell trough Down-conversion (DC) and Up-conversion (UC) (blue with lines).
The fraction absorbed by a thick solar silicon device is shown in green. (b) Examples of a solar cell with an UC layer placed at the rear (left) and a DC
layer placed at the front (right). (Reproduced from Ref. [112] with permission from Elsevier). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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(Ce3+) ion often is used as an emitting center because it has a visible emission suitable for commonly used detectors and exhibits a
fluorescence lifetime of a few tens of ns (5d-4f transition), favoring a fast detector response for high frequency applications. Eu?" ion is
considered an alternative ion because its blue emission results from a 5d-4f transition whose lifetime is longer, on the order of a few
microseconds, than that of Ce®>t [108]. To increase the emission yield, it has been proposed to co-dope with the Gd>* ion in con-
centrations of the order of 20 mol% to promote the transfer of energy towards the emitting center [109].

Solar cell concentrators: In the context of sustainable development, renewable energy sources are very popular. This is partic-
ularly the case with solar energy using solar cells to convert the sunlight into electricity. Solar cells are made of semiconductor ma-
terials. One of the fundamental limitations to the conversion of solar radiation is based on the poor overlap between the solar spectrum
and the energy bandgap of the semiconductor. In the case of c-Si, the bandgap energy is 1.1 eV. Thus, photons having a wavelength
>1127 nm are not absorbed (Fig. 11a). Similarly, photons with an energy twice greater than the gap (2.2 eV or 560 nm) have sufficient
energy to sufficiently excite electrons that thermalization mechanisms (loss of energy by interaction with other electrons) lead to
heating. To increase the optical-to-electronic efficiency of photovoltaic (PV) cells, it has therefore been proposed to convert IR and UV
photons into wavelengths that can be properly absorbed by the c-Si to generate electricity. From this point of view, the use of rare earth
ions has proven to be particularly interesting due to the mechanisms of frequency conversion: up-conversion (converts IR photons to
visible photons) and down-conversion (converts UV photons to visible photons) [110,111]. The rare-earth doped layer allowing the
down-conversion is placed above (between the solar radiation and the c-Si) while the up-conversion layer is placed below, a reflective
layer making it possible to return photons to c-Si film (Fig. 11b).

To promote energy transfer, an alternative approach consists of preparing glass-ceramics to enhance the spectroscopic performance
of the rare earth ions via its insertion into the nanocrystalline phase. The use of rare earth doped glasses is less common for the up-
conversion layer. The main limitation arises from the fact that up-conversion generally requires high powers. NaYF4:Er®" was the
first phosphor proposed to improve the yield of Si cells by up-conversion [113]. More recently, the Ho>*/Yb3" pair was studied in a
fluoroindate glass [114]. An improvement in the generation of electron-hole pairs has been observed but using a 1000 sun solar
concentrator.

Taggants: Due to their rich energy level diagrams, all rare-earth ions can be excited in the UV and emit their characteristics
emission spectra with small emission linewidths, limiting potential overlap. Given the low cost of manufacture and the ease of syn-
thesis, glasses doped with rare earth ions are of interest for the development of tags for the field of security, in particular as markers to
fight against counterfeiting. Rare-earth ions of particular interest for taggants are Ce>*, Tm>*, Tb>* and Dy>*, which emit cyan, blue,
green and red colors, respectively. For example, an assembly of different glasses in multi-layers made it possible to obtain a micro-
barcode [115]. RE-doped alkaline earth aluminosilicate glasses were stacked to form a preform, each layer of glass corresponding to a
specific color through the appropriate RE doping. This preform was then drawn into fiber and cut to obtain microbarcodes of 20x100
um. Each microbarcode is defined by the order of the colors (Fig. 12a).

Recently, an Ho>*/Tm3*/Yb>" doped tellurite glass has been studied [117]. A 973 nm wavelength laser excites the Yb>" ions
leading to excitation of the Tm>" and Ho®" ions by up-conversion and so to emission in the visible (blue and red for Tm3*, green and
red for Ho®"). This up-conversion process, requiring 2- or 3-photons to promote step-wise excitation, depends very strongly on the
excitation power. Thus, by keeping the same laser power, but displacing the glass, it is possible to vary the excitation density locally (by
defocusing the laser beam) resulting in a modification of the color of the glass which is a feature of the glass composition (Fig. 12b).

Data storage devices: Modulation of the emission intensity of rare earth ions is the basis of optical data storage applications. One
study looked at europium or dysprosium-doped tungsten phosphate glasses [118]. By irradiating these glasses with a 473 nm laser, a
decrease in transmission was observed in the visible — NIR range. This is attributed to a change in valence of Sb and W ions according to
the reactions Sb®" + hv — Sb°" + 2e~ and W + hv + e~ — W, where hv is the photon energy. The photochromism of the glass is
attributed to the generation of W>*. Under excitation with an Xe lamp at 465 nm, the Eu®>* doped glass emits in the red with more or
less intensity depending on the photochromic effect locally induced by the laser at 473 nm. It is thus possible to store information.

(b)
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Fig. 12. (a) Images of the RE-doped microbarcodes under an UV excitation and observed with a 420-nm long pass filter (Reproduced from
Ref. [115] with permission from National Academy of Sciences). (b) Image of the Ho®>/Tm®*/Yb®** doped tellurite glass excited by a NIR laser at
different focal point (defocused positions are recorded by placing the samples at 2, 4, 6 and 8 cm intervals from the focal point of the laser beam)
(Reproduced from Ref. [116] with permission from Royal Society of Chemistry).
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Heating to 300 °C then resets the glass (Fig. 13).

4.3. Recent research trends and future directions in luminescent glasses

Effort worldwide has been focused, for the past few decades, on the development of glasses with enhanced spectroscopic properties.
While silica is the most technologically important glass, its solubility for RE ions is low leading to the formation of highly doped
clusters in the glass. A representative study on the local environment, distribution and clustering of Eu®* behavior in silica glasses, as
an example, can be found in [119]. These RE clusters form in silica glass due to the relative mismatch in size and valence between the
RE and the Si as well as the rigidity of the silica network. Such clusters lead to the deterioration of the spectroscopic properties, most
commonly concentration quenching. Indeed, the probability of an excited RE ions to reach a defect site is increased when clusters are
formed due to the higher probability of energy transfer between two excited neighboring RE ions and/or energy migration between
excited and non-excited ions. The maximum concentration of RE which can be incorporated in silica glass without forming clusters can
be as low as 0.1 mol%. Thus, one of the goals has been to prevent RE clustering in silica glass. For example, the addition of Al;03 and/or
P,0s in silica glass can be used to prevent the RE clustering [120]. A “solvation shell” around the RE is expected to form when adding
AlorP [121]. As explained recently in [122], the presence of Al and P in the silica network can be used to increase the Yb3+t asymmetry
degree and so the intensity of the emission at ~1 um in silicate glasses. Multicomponent silicate and phosphate glasses are well-known
glasses to accommodate high RE concentration (up to 102! ions/cm®) without luminescence quenching [123]. Alkali and alkaline-
earth ions can be added into both glass types with changes in the RE emission linewidth due to such alkali and alkaline-earth addi-
tions, as reported for Tm3* [1 24], Yb3* [125] and Er®* [126]. For example, Sun et al. reported a 57% enhancement in the absorption
and emission cross-sections of Yb®" when adding Li*, Mg?" or Ca?* into silicate glasses due to changes in electronegativity and
covalency [125]. In phosphate glasses, BaO can promote a more depolymerized network, resulting in better luminescence efficiency
than when smaller dopants such as MgO and CaO were employed [127]. The crystal field can also be changed by doping with highly
polarizable ions. For example, the addition of Pb2* in a glass matrix creates Pb-O bonds and can result in an enhancement of the
spectroscopic properties, such as that reported in lead silicate glass doped with Ho®* [128] and with Er®* [129]. Borate glass have also
been studied with modifiers such as ZnO, Li»0, and K50 added in the network to increase mechanical strength by converting the planar
BOs units into stable tetrahedral BO4 units. Recently, a sodium lithium borate glass doped with 2 mol% of Er,O3 was reported to be
promising for infrared laser and optical amplifier applications due to its high emission cross-section [130] (Fig. 14).

In the past several decades, interest in glasses with mid-infrared (MIR) emissions has increased. Thus, to develop efficient lasing
glasses, the host should possess minimal absorption in the MIR region and low nonradiative decay rates so that radiative emission rates
are high. Tellurite and germanate glasses are suitable candidates for MIR light sources due to their low phonon energy, relatively high
refractive indices (promoting larger absorption and emission cross-sections) and extended transmittance further into the infrared.
Since the first report on RE-doped tellurite glasses as potential optical amplifiers and fiber devices [131], a large number of tellurite
and germanate glasses have been engineered, especially with high RE solubility, good chemical durability and thermal stability. The
use of RE doped tellurite and germanate glasses to produce NIR and MIR luminescence has been reported in many studies [132,133],
just to cite a few. Fluoride glasses also have attracted attention due to their low phonon energy and, more importantly, due to their
transparency further into the MIR spectral range. High RE doping levels (up to 10 mol%) have been obtained in fluoride glasses. Most
studies have focused on ZBLAN glasses (ZrF4-BaFs-LaF3-AlF3-NaF), including those doped with Er®t or co-doped Er¥t/pPr3t [134].
Recently, a fluoride glass in the ZrF4-BaF-AlF3-YF3 system has been reported with a high erbium-doping concentration (up to 6 mol.
%) and with minimum concentration quenching of the luminescence at 2.7 um [135]. However, currently, fluorides still exhibit
intrinsically low thermal and chemical stability limiting their uses. Consequently, glasses with mixed anions, such as oxyfluoride
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Fig. 13. Schematic of the writing, reading, and erasing of optical information. (Reproduced from Ref. [118] with permission from Optica).
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Fig. 14. Emission spectra of Er*" doped glass with the composition: (65 — x)B,03 — 15Na;0 — 10PbO — 5Zn0O — 5Li,0 — xEry05 with x = 0.05,
0.1, 0.5, 1.0, 2.0 and 4.0 mol% (denoted as LiBEr, LiBEr1, LiBEr2, LiBEr3, LiBEr4, LiBEr5, and LiBEr6, respectively) (Reproduced from Ref. [130]
with permission from Elsevier).

glasses, have prompted interest. Compared to the parent oxide glasses, oxyfluoride glasses often possess good transparency in the
ultraviolet and infrared regions while also exhibiting reduced phonon energies. As opposed to fluoride glasses, the composition of
oxyfluoride glasses can be more broadly tailored so that this family of glasses exhibit good thermal stability and chemical durability.
Oxyfluorides have been obtained in different glass systems (silicate, tellurite, borate, phosphate, just to cite a few) [136]. For example,
an increase in the intensity of the Er>* up-conversion was reported due to the decrease of the phonon energy when replacing CaO by
CaF; in a phosphate glass [137]. An increase in the fluorine content in gadolinium calcium phosphate oxyfluoride glass was also
reported to increase the intensity of co-dopant Sm®* emissions due to the reduction of phonon energies [138]. Recently, ErFs doped
tellurite-gallium oxyfluoride glass was reported to be promising as IR laser gain material with large emission cross sections at 1.55 pm
(6.32 x 1072 cm?) and 2.73 pm (9.68 x 107! cm?) as well as a long fluorescence lifetime (6.84 ms at 1.55 ym and 262 ps at 2.73 pm)
[139]. Another recently reported promising material for application at 1064 nm (Nd>*) and 2020 nm (Ho>*) is the oxyfluoride barium
gallo-germanate glass [140]. The addition of fluorine into the glass allows for the preparation of glass with lower hydroxyl concen-
trations due to the reaction OH™ + F— HF + 0% [141], so enhanced spectroscopic properties can be realized due to the reduction in
OH, known to be a luminescence quencher [142]. ChGs have also been of great interest, especially for optical emissions beyond 4 um as
the non-radiative decay rates in the MIR are reduced in these glasses due to their low phonon energy. Even though ChGs have covalent
bonds and rigid networks, generally limiting the addition of RE ions, ChGs in different multicomponent systems, such as As-S(Se), Ga-
La(Sb)-S, Ga-Ga-S, Ge-Ga-As(Sb)-S(Se), have been successfully prepared with REs including Dy**, Tb%*, Ho®*, Pr®*, Tm®*, and Er®*
[143,144]. However, due to the low RE solubility in the ChGs in comparison to oxide glasses, ChGs exbibit poor fluorescence effi-
ciency. Thus, effort has been focused on the development of ChGs with greater RE solubility so that they could exhibit larger emission
cross-sections in addition to their high linear and nonlinear refractive index, low phonon energies, and extended transmission
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Fig. 15. Emission spectra of GAS glass with the Gag gAs39.2Se0 composition doped with different amount of Dy3+ pumped at 1707 nm (Reproduced
from Ref. [149] under the terms of the Open Access Publishing Agreement).
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properties. The addition of modifier such as Ga was reported to increase the RE solubility due to the formation of edge-sharing [GaS4]
units that bond to the RE ions [145,146]. Maximum RE solubility, <300 ppm in the As;,S3 glass, could be increased to 1000 ppm in the
glasses within the Ge-As(Sb)-Ga-S(Se) systems [144]. Recently, Jiao et al. confirmed that Ga could also be used to enhance the IR
quantum efficiency of Er®* doped sulfide glasses [147]. Glasses in the Ga-Ge-Sb-S glass system exhibit NIR and MIR emissions when
adding Nd3* up to 7500 parts-per-million by weight (ppmw) [148]. Ga was also added in the As-S system and large RE solubility was
reported in the Gag gAssg.2Se0 glass as Dy3+ could be added up to 0.3 wt% in this glass without the formation of nanocrystallites [149].
This glass emits MIR photoluminescence at wavelengths beyond 4 pm (Fig. 15).

Strong green emission was observed from a ChG in the GeSy-GayS3-KCl system after adding 0.1 mol% of Er* due to the gallium
based units, such as [GaySe/2] and [GaSs,2Cl]~, surrounding the RE ions [150]. Glass with composition 64GeS2-16GazS3-20CdI, (in
mol%) was reported to also be a suitable candidate due to its thermal stability against crystallization and high refractive index (np =
2.34). This glass can incorporate up to 3 wt% of Dy>* without deteriorating its transparency, and concentration quenching occurs
when adding >0.6 wt% of Dy>* [151]. Despite the large number of studies on glasses with MIR emissions, there are still challenges
related to the development of mid-infrared lasers emitting beyond a wavelength of 4 pm. New glasses with lower phonon energies,
wider infrared transmission windows, and higher RE solubility are needed for the development of new light sources with efficient mid-
infrared light emission.

Another strategy used to enhance the spectroscopic properties of glass is the co-doping approach already noted briefly. Yb3* ion is
one of the most popular sensitizers due to its high absorption cross-section at a wavelength of 980 nm and the possibility of efficient
energy transfer to other RE ions. Among the RE ions, the Er*/Yb®" co-doping has been intensively investigated for enhancing up-
conversion, NIR and MIR emissions of Er’*, and energy transfer Yb>* — Er®* [152]. Yb3* can also be used as a sensitizer for Tm>*
allowing the emission of UV / blue up-conversion emission under near-IR excitation due to the energy transfer Yb>* — Tm® [153] as
well as for Ho®", as illustrated in Fig. 16.

Mid-infrared emission at ~2.85 pm from a Yb®>" / Ho>* co-doped fluoroaluminate glass was recently demonstrated [154]. The
Ho>* emission can also be enhanced by using Er>" ions, rather than Yb®*, due to its absorption at 980 nm and the small energy gap
between the *I;3/5 level of Er®* and the 51, level of Ho>" (Fig. 17a). Such glasses are promising materials for application in the MIR
range using 980 nm pumping (Fig. 17b) [155]. Ho®** / Tm®* and Ho®* / Nd®* co-doping have been also investigated for enhancement
of emission at 2 um and 3.9 um under excitation at wavelengths of ~888 or 808 nm [156,157].

Park et al. tested Pr’t, Ho®>", Tb®" and Tm3* as potential sensitizers to enhance the emission of Dy>* at 2.95 pm from
Ge39GasSbsSego (at%) chalcogenide glass and a significant enhancement of the emission was observed due to the transfer between pret
and Dy>" [158]. Triply-doped glasses have also prompted attention lately. For example, Nd>*-Er>"-Pr>* triply-doped tellurite glass
was successfully prepared and shown to emit over a very broad band, ranging from 760 to 1150 nm [159]. As discussed, co-doping of
glass with multiple RE ions has been of interest for the development of new smart white lights to replace the established YAG:Ce>*
crystals, which deteriorate in the quality and intensity of the white light emission over time. Lodi et al. demonstrated that a calcium
boroaluminate glass co-doped with Dy>* and Eu>" is promising materials that showed promise for obtaining white light [160]. White
light emissions also were obtained by adding Tm>*, Er3* and Yb®* in oxyfluoride tellurite glass [161].

Another approach to enhancing the spectroscopic properties of a glass is the use of noble metal nanoparticles which possess unique
electronic and optical properties. The confinement of a large electric field around the nanoparticles occurs when the incident light
interacts with the NP surface when the particle size is smaller than the wavelength of the light. The free electrons in the conduction
band of the (nano)metal oscillate due to polarization by the electromagnetic field of the incident light. This oscillation leads to
localized surface plasmon resonance (SPR) field and, therefore, to the strong absorption and scattering of light. Mie theory can be used
to explain this process and can provide analytical solution to Maxwell’s equations for (plasmonic) spheres with various diameters. The
SPR band strongly depends not only on the size and shape of the nanoparticles but also on the dielectric constant of the surrounding
medium. This surface plasmon resonance (SPR) field can be used to enhance the luminescence efficiency of the RE ions doped into the
host glass when the luminescence frequency and / or the frequency of the excitation beam are close to the frequency of the SPR band of
the NPs. However, since the position of the SPR band depends on the geometry of the nanoparticles, it is crucial to control the size and
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Fig. 16. Energy transfer process between Ho>* and Yb®" (Reproduced from Ref. [154] with permission from Elsevier).
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Fig. 17. (a) Energy level diagram of Er®* and Ho®>" ions. (b) Emission spectra of glasses with the composition 54TeO, — 31WO, 5 — 15La0; 5 —
2ErO; 5 — xHoO; 5 (x = 0, 2); 55Bi0; 5 — 30GeO, — 15NaOg 5 — 2ErO; 5 - xHoO, 5 (x = 0, 2) (labelled as TWLE, TWLEH, BGNE, and BGNEH,
respectively) (Aexe = 980 nm) (Reproduced from Ref. [155] under the terms of the Open Access Publishing Agreement).

shape of the NPs in the host to optimize the spectroscopic properties of the composite glass. As discussed by Pillonnet et al., the optimal
coupling distance between the NPs and RE ions needs to be optimized as well. If the NPs and RE are too far apart, there would be no
energy transfer whereas, if they are too close, there is a risk for back transfer energy to NPs [162]. Metal NPs usually are obtained by
heat treating a glass prepared with a specific nucleating precursor. For example, AgCl, AgNO3 or AgSO4 can be used as the precursors
for the Ag nanoparticles. The temperature of the heat treatment is above the glass transition temperature of the host glass so that the
number of the NPs remains constant while maintaining a small size and size distribution of the NPs. The most investigated nano-
particles in glass matrix are silver (Ag) and gold (Au) nanoparticles. Enhancement of Eu>" luminescence properties in the visible was
first reported in the presence of small Ag particles in borosilicate glass in 1985 [163]. Similar enhancements in the Eu®* emission were
later observed from tellurite glass prepared with Ag NPs with an average size of 8 nm (Fig. 18a) [164]. The reduction of Ag" is
suspected to occur during the tellurite glass melting leading to the formation of Ag® atoms, from which the Ag NPs can form and grow
during a thermal treatment. Due to the energetic proximity of the Ag NPs SPR band and the Eu®* emission wavelengths, energy transfer
from the surface of the NPs to the Eu>" leads to an enhancement of the Eu>* spectroscopic properties (Fig. 18b). Similar enhancement
of the Eu®* emission can be obtained using Au nanoparticles as reported in germanate [164] and tellurite [165] glasses.
Additionally, Mechergui et al. combined fluorine and Ag,COs, the latter a precursor to Ag nanoparticles, in a Sm>* doped tellurite
glass [167]. A thermal treatment at slightly above the glass transition temperature for up to 16 h was used in order to grow Ag NPs with
a size of 20-40 nm, leading to broad absorption band due to SPR of Ag NPs. Also observed was an increase in intensity of the emissions
related to the transition from the Sm>* 4G5 /2 state to the 6H5 /2 6H7 /2,6H9 /2 and 6H11 2 levels. Similar improvement in the luminescence
efficiency in the visible and at 1.5 um was reported from Er" doped glasses using both Ag [168] and Au NPs [169]. Er®* doped ChGs
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Fig. 18. (a) TEM images with arrows pointing to Ag NPs (scale is 5 nm). (b) Schematic partial energy level diagram of the Eu>* ion in vicinity of a
silver NP doped tellurite glass (Reproduced from Ref. [166] under the terms of the Open Access Publishing Agreement).
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have been also prepared with Ag NPs, although fewer studies on NPs formation in ChGs can be found. A glass with the composition
Gaj0GegsSes was reported to be a promising host. The Er3+doped glass with the composition Ga;¢GeysSgs was heat treated at 370 °C for
10 h to grow Ag NPs resulting to significant enhancement of the Er>" up-conversion as depicted in Fig. 19 [170].

Recently, Jia et al. investigated the effect of Ag NPs on the MIR emission properties of Er3+—d0ped germanate glass and reported
similar enhancement of the luminescence centered at 2.7 um [171]. Ag NPs can also be used to increase the intensity of the emissions
between 530 and 650 nm and in the NIR of Pr®* doped tellurite glass [172]. Similar enhancement in the emission at 494 nm was
reported from Pr’t doped chalcogenide glass in the Ge-Ga-S system containing Ag NPs [173]. Enhancements to the spectroscopic
properties of Tm>* doped glasses can be also obtained using Ag NPs [174]. These are just few examples as the enhancement of the
spectroscopic properties of active glasses using noble metal NPs have been intensively reported. Many of these studies related the
enhancement of RE luminescence properties to the coherent coupling of photons to free electron oscillations occurring at the
nanoparticles-glass interface (SPR) and to the intensified local field effect created by the NPs. Intensified local fields around the metal
also are thought to enhance the emission [175]. Energy transfer to other silver species, such as silver ions, atoms, dimers, clusters,
molecule-like non-plasmonic entities, to the RE ions also are suspected as means to improve the spectroscopic properties [176]. Wei
et al. demonstrated that the excitation at 464 nm of Eu>" doped oxyfluoride silicate glass led to the SPR effect of the Ag NPs whereas
the energy transfer from very small molecule-like, nonplasmonic Ag particles to Eu>" energy transfer is suspected to occur when under
excitation at a wavelength of 350 nm. Under excitation at 270 nm, the enhancement in the Eu®>* luminescence is related to the energy
transfer from isolated Ag™ to Eu>* [177]. Quenching of the luminescence intensity can occur when the glass contains large NPs with
high volume fraction leading to energy transfer from RE to the NPs [178]. Despite numerous studies on metal NPs in glasses, the
mechanism for improved spectroscopic response due to the metal NPs is not fully understood and debate remains amongst the scientific
community. In-depth exploration of the metal NPs growth rate in various glass compositions is necessary to further understand the
formation and growth mechanism of metal NPs nanoparticles in host matrices.

Crystals are promising hosts for RE dopants as they possess most of the optical and thermomechanical properties required to
produce high intensity lasers. However, one of their limitations is their size and their synthesis, which is usually more expensive and
complex than melting glasses. Consequently, glass-ceramics (GCs) have been materials of interest. GCs were originally defined by
Stookey in 1960 as “Glass-ceramics are made by first melting and forming special glasses containing nucleating agents and then
causing controlled crystallization of the glass” [11]. As compared to parent glasses, GCs can be developed with improved mechanical
and thermal properties. To be promising as a lasing material, the GC should be transparent with minimum light scattering, including
Rayleigh scattering. To avoid Mie scattering, the GCs should contain small crystals (<15-30 nm) with narrow size distribution and
with similar refractive index (n) than the glass host. The crystals should also be homogeneously distributed in the volume of the glass
with no aggregation. The separation between the crystals should be comparable to their size. Finally, for the GCs to possess promising
spectroscopic properties, the crystals should have specific crystalline phase and should contain the RE, the diffusion of which from the
glass matrix to the crystals depends on the activation energy and diffusion coefficient of the RE. GCs are commonly obtained by heat
treating a glass and, therefore, the heat treatment parameters such as temperatures and duration should be tailored in order to control
the growth of the nuclei into crystals. The first transparent RE doped GC with enhanced up-conversion efficiency was reported in 1993
and was related to the precipitation of (Pb, Cd)F, crystalline phase after heat treating the Er>", Yb®* co-doped aluminosilicate glass
[152]. Since this work, efforts have focused on the development of new GCs. However, most of the studies have been focused on silicate
GCs and one of the latest transparent silicate GC was reported with enhanced up-conversion emission and long fluorescent lifetime due
to the precipitation of Er>* doped KErsF; o nanocrystals with low phonon and with reduced Er®*—Er®* distances (Fig. 20a and b) [179].

Highly crystalline (>90%) GCs have been successfully obtained from fluoride glasses [180]. Surprisingly, a limited number of
studies related to the development of transparent borate and phosphate GCs have been reported. Satyanarayana et al. investigated the
crystallization mechanism of Pr>* doped borate glasses in the PbO-Sby0O3-B,Os5 system [181]. However, multiple crystals, such as
PbsSbo0g, Pb3(SbO4)2, PbB4O7, f-PrSb04, Pr3Sb0y, and Pr3Sbs0; 5, were observed in the heat-treated glasses. Nonetheless, the thermal
treatment was found to improve the luminescence efficiency. Transparent Dy>" doped borate GCs were reported with blue emission
band due to the precipitation of PbWO,4 microcrystals using appropriate thermal treatment (T = 450 °C for 10 h) [182]. Transparent
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Fig. 19. Up-conversion spectra of Er>" doped (black) and Er®*/ Ag co-doped (blue) ChG (Reproduced from Ref. [170] with permission from
Elsevier). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 20. (a) Up-conversion spectra of the glass in the SiO,-KF-ZnF, system (PG)and the corresponding GC obtained by heat treating the glass at
625 °C for 10 h (Aexe = 980 nm) (PG*70 shows that the up-conversion intensity of red emission of the GC is enhanced by >70 times compared to that
of the PG). (b) Transmittance spectra of the glass and GC. Inset is the picture of the glass prior to and after heat treatment (Reproduced from
Ref. [179] under the terms of the Open Access Publishing Agreement). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

oxyfluoride phosphate GCs exhibiting intense green and red up-conversion emissions due to the volume precipitation of CaF crystals
doped with Er* have been reported [183]. Transparent germanate and tellurite GCs have been also successfully prepared. For
example, Kang et al. reported the preparation and characterization of transparent tellurite GCs with intense emission at 2.7 pm due to
the presence of PbTe3O; nanocrystals doped with Er®" [184]. KuNbi40s36 crystals with a size smaller than 20 nm were found to
precipitate in germanate glass in the GeO2-Nb205-K50 system during heat treatment leading to an increase in the quantum efficiency
[185]. However, luminescence quenching was observed when the crystallization step was too long, clearly demonstrating the chal-
lenge related to the preparation of GCs using thermal treatment. ChG GCs have been also studied. The heat treatment of glasses in the
(GeS2)x-(GagS3)1x system leads to the surface precipitation of GeS; crystals and volume precipitation of GaySs crystals. Due to the
presence of Er®" at the surface of the GayS3 crystals, enhancement of the emission at 1.54 um was reported after heat treatment of the
GeypGaypSyo glass [186]. Similar results were obtained after heat treating the glass with the composition 80GeSe;-20GazSes (mol%)
due to the formation of GasSes phase inside the glass matrix [187]. Glass-ceramics with a glass phase and the desired crystals have also
been prepared using the “Frozen sorbet” (FS) method [188]. In this approach, the glass—ceramic results when the liquid-solid mixture
is suitably quenched. Nakanishi et al. used this technique to prepare GC with SrAl,04 crystals in which B3 ions partially substitute for
the AI** sites from the SrOA1,03B,05 glass as the precipitation of such crystals is extremely difficult to obtain in glass. To reduce Eu>*
into Eu*, a flow of 5% Hy + 95% Ny was used as was heated graphite powder. The GCs exhibit excellent long persistent phospho-
rescence properties. However, the main limitation of the FS method is the growth of the crystals using the elements of the glass which
limits the preparation of glasses with similar crystals. The other challenge with the glass—ceramic method is the lack of general and
precise empirical or theoretical model of the crystallization process for a glass of given chemical composition. There is a need for
closed-loop approach; experiments, theory and simulations to advance the fundamental understanding of the nucleation and growth
mechanisms of glasses in different glass system allowing one to predict the formation of transparent glass-ceramics from the glass
composition and various properties. Therefore, another approach to fabricate glasses with embedded crystals is to introduce directly in

Fig. 21. Confocal image showing the color center fluorescence in the diamond nanocrystals in tellurite glass (Reproduced from Ref. [189] with
permission from John Wiley and Sons).
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the glass, crystals of specific phase, dopant and doping level, size and shape. As the RE ions are located in the crystals, the RE are not
impacted by the glass host. For example, diamond nanocrystals were embedded in tellurite glass (see Fig. 21) [189].

As noted, the crystals are added in the glass melt prior to the quenching step. As explained in [190], the melting process needs to be
controlled to limit the decomposition of the crystals in the glass during the glass preparation. The decomposition is associated with the
diffusion of the elements from the crystals to the glass leading to changes in the site of the RE inside the crystals and, so, to changes in
the spectroscopic properties of the crystals embedded in the glass. In the case of persistent luminescent phosphors, the decomposition is
correlated to the oxidation of Eu?* to Eu**, which decreases the persistent luminescence properties. The chemical stability of the
crystals was found to be sensitive to the melting conditions and to the glass composition [190]. Nonetheless, using this approach,
numerous glasses were prepared with persistent luminescent phosphors [191] as well as upconverter phosphate glasses, which were
prepared by adding 5 wt% of NaYF4:Er®", Yb3* crystals in the glass melt [192]. These studies clearly show the promise of the direct
doping technology for the development of the next generation of active glass-based materials.

Due to their optical properties and high compositional versatility, glasses also have been at the forefront of the biophotonic
research. Biophotonics is a multidisciplinary field that combines photonic, material science, and biology. The use of light in healthcare
has had tremendous impact on diagnoses (molecular diagnostics, point-of-care, diagnostic imaging) as well as on therapy and surgery
[193-198]. The impact of a wide range of wavelengths on photosensitive molecules, proteins and cells also has been investigated. For
example, UV light (100-400 nm) is known to modulate the immune response whereas UVB can activate the release of antimicrobial
peptide as well as activate T-cells, B-cells and mast cells [196]. Multifunctional bioresorbable phosphate glass optical fibers have
recently been used for theranostics. Such materials are innovative, as such fibers are not only promising for therapy and diagnosis but
in addition the resorbability of the material may prevent the need for the removal of the fiber [199]. More recently, Lemiere et al.
reported the first production of resorbable biophotonic fibers with green persistent luminescence [200]. Such materials are promising
in view of guiding light in photoresponsive porous biomaterials. Furthermore, biophotonic scaffolds have been developed. Those
materials are able to emit visible light under adequate excitation, where excitation depends on the rare earth used and the emission
wavelength targeted [201]. By combining bioactive properties with luminescent properties into one glass, one can foresee the future
development of integrated actuators in bioactive materials, able to favor tissue regeneration for example. Light can be used to
selectively and spatiotemporally release active agents, such as growth factors or drugs. However, in such application, one must convert
NIR light (deep penetration) into visible lights (efficient photocleavage of polymers). Fig. 22a presents selected photoactivated
polymers which release nitric oxide (NO) when properly excited. However, the challenge lies in generating enough energy for the
photocleavage. As shown in Fig. 22b, maximum tissue penetration is reached in the NIR. Therefore, there is a clear need for efficient
conversion of NIR into visible light for the development of biomaterials able to release, on-demand, active agents.

5. Nonlinear glasses

Nonlinear optical (NLO) properties relate to changes in the polarizability of the material, in a nonlinear way, due to the electric
field of the excitation light. Even if there have been earlier experiments, it is generally considered that the first observation of NLO
behavior was that of second-harmonic generation in 1961, soon after the realization of the first laser in 1960 [18]. Glass, as an isotropic
material, does not have intrinsic second order NLO property, which can be obtained only if the symmetry is broken. Some repre-
sentative NLO materials, including mostly crystalline organic and inorganic materials, have been reviewed in [203]. This Section is
focused on glass materials with the objective to bring additional details to already published review papers [204,205].

5.1. Principles

5.1.1. Basic considerations

The light is an electromagnetic wave consisting of electric and magnetic fields alternately oscillating at optical frequencies. When
this electromagnetic wave encounters a dielectric solid, an electronic polarization is induced mainly by instantaneous displacements of
electronic charges from their initial positions. When the applied electric field (E) is weak in intensity, the induced dielectric polari-
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Fig. 22. (a) Molecules able to photo-release nitric oxide (Reproduced from Ref. [202] under the terms of the Open Access Publishing Agreement)
and (b) light penetration in tissues as a function at various wavelength.
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zation density (the electric dipole moment per unit volume; P) is linearly proportional to E, which can be expressed as P = goyE where
&0 and y denote the vacuum permittivity and the linear susceptibility, respectively. In the presence of a strong optical field, e.g., the
electromagnetic field of a tightly focused laser beam, the induced polarization is no longer linearly proportional to E, but starts to
deviate from the situation of a charge poised to a harmonic potential, thus exhibiting a nonlinear behavior. To describe this event in a
practical way, P is expressed as a power series of E normally up to the third order, such that P = &y (y\VE +y@E2 +5®)E® ). Here,
and ) are the second-order and third-order NLO susceptibilities, respectively [206]. The first-order susceptibility (y(!) is related to
linear refractive index (no) via n2 = 144V and is responsible for linear optical interactions such as refraction, absorption, dispersion
and birefringence [207]. The second order susceptibility ¥ is nonzero if the material lacks inversion symmetry. Since glasses are
isotropic at a length scale smaller than the wavelength of light, they lack second-order nonlinearities such as second harmonic gen-
eration (SHG), frequency mixing, and parametric generation. As such, breaking the inversion symmetry inherent in glass is required to
exploit its second-order nonlinearity. The third-order susceptibility y® is dependent only on intensity (or irradiance) of the incident
light. As a result, glass is quite competitive to crystals in terms of intrinsic compositional flexibility in optimizing its optical nonlin-
earity and cost-effectiveness in fabricating desired forms.

Nonlinear optical effects are classified qualitatively into two different categories, i.e., parametric and non-parametric processes. As
with conventional linear refraction taking place as a parametric process in transparent, i.e., lossless, linear dielectric media, a para-
metric nonlinear process occurs without the involvement of real quantum states, i.e., non-resonant with any gaps between the energy
levels, and, as a consequence, this process is in general more instantaneous than a non-parametric nonlinear process. A few examples of
such parametric nonlinear processes are SHG and THG. Non-parametric nonlinear processes are associated with energy transfer be-
tween optical fields and quantum states, which normally take place less instantaneously. The imaginary part of y® is central to such
effects as stimulated Raman scattering (SRS), stimulated Brillouin scattering (SBS), and two photon absorption (TPA). It is noteworthy
that energy and momentum should be conserved for both parametric and non-parametric nonlinear processes. As such, the phase
matching conditions expressed in terms of frequency and wavevector of interacting optical fields need to be satisfied for enhancement
of a specific nonlinear optical event.

The real and imaginary parts of ;(<3> can be described in terms of nonlinear refractive index (n,) and nonlinear absorption coefficient
(), respectively. In order to properly account for the intensity-dependent change of refractive index (n), it is convenient to adopt an
equationn =ny + npl, where I is intensity of the incident optical fields [208]. Likewise, the absorption coefficient (@) can be expanded
to incorporate the intensity-dependent change of absorption in the form of a = @y + fI, where ay is the linear absorption coefficient
[209]. As is the case of the linear refraction and absorption expressed as ny and @y being mutually interrelated via Kramers-Kronig
relations, both the nonlinear optical constants (n, and j) are also connected through nonlinear Kramers-Kronig relations [207].

Exploitation of glass for use in practical applications where its optical nonlinearity plays a critical role is accomplished through
compositional tailoring to optimize y® as well as transmission and thermal stability. Arguably the most well-known and simple

equation is Miller’s rule, given by &) = [V ]4 x 10710 (in esu unit). This is an empirical rule for correlating the linear and nonlinear
susceptibilities applicable for the pursuit of nonresonant nonlinear materials. According to this rule, as shown in Fig. 23, high
nonlinear refractive index is expected for glasses with high linear refractive index, which further implies that glasses composed of
heavy elements tend to feature a high nonlinear refractive index. For example, Se-based ChGs have been experimentally verified to
possess higher nonlinearity than S-based ChGs [209,210].

Boling’s relation is also useful, which relates ny to both ny and Abbe number (v) in the form of %&0’1) [211]. Here, glasses with
v4

higher dispersion tend to be more optically nonlinear. It is worth noting that even though this relation contains only the two linear
macroscopic parameters to estimate ny, it works better for glasses with n; values lower than <1.7, where ny refers to refractive index
measured at the sodium d-line (1 = 589nm), and wavelength dependence of the estimated n; is not revealed [207]. If the glass is an
amorphous semiconductor, at least in terms of the magnitude of bandgap energy (E,), the formulation by Sheik-Bahae et al. can be used
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Fig. 23. Graphical representation of Miller’s rule, denoted as the curved line, correlating nonlinear refractive index ny and linear refractive index n.

Also plotted as symbols are the measured data for some highly nonlinear oxide and chalcogenide glasses. (Reproduced from Ref. [210] with
permission from IEEE).
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to correlate ny and E; as in the forms of nyxny ZE; 4 and Pong 2Eg* 3, respectively [211]. Even though the Sheik-Bahae model does not
account for tail states that usually occur in glasses, especially in ChGs, it can provide valuable implication as to optical nonlinearity of
glass in which electronic absorptions are governed by transition between valence and conduction bands without involvement of
molecular or atomic levels [211]. Here, both ny and f are strongly dependent on E; rather than on ny. Specifically, since ng of glasses
normally varies from ~1.5 at the visible wavelengths (silicate glasses) to ~3.2 at the infrared wavelengths (telluride glasses), con-
tributions of ng are relatively insignificant. This E, dependence of optical nonlinearity of glass turns out to work properly for rough
compositional assessment of nonlinear glasses for use at near-infrared wavelengths [207].

The net efficiency of nonlinear optical processes is determined not only by the nonlinear susceptibility of a given material but also
by the phase matching conditions. Especially when the nonlinear events involve optical fields at dissimilar frequencies, the energy
conservation is satisfied straightforwardly in most cases, but the momentum conservation expressed in terms of mismatches between
the wavevectors of the involved optical fields, i.e., Ak = 0, brings about additional criteria for selecting a nonlinear optical material
[212]. To extract an optimized energy conversion efficiency, the phase-matching condition with regard to Ak = 0 should be satisfied in
many nonlinear optical processes. As the electromagnetic waves participating in the nonlinear optical events need to be described as
linear wave propagation, the Ak = 0 condition is directly related to changes of refractive index against wavelength or polarization. As
such, in the case of glasses, refractive index dispersion expressed in the form of Abbe number exerts a particular influence. Given that
the phase matching condition utilizing adjustment of temperature- and/or polarization-dependent refractive indexes is not available,
quasi-phase matching (QPM) can be exploited as a viable option. Normally, QPM is achieved either via inverting the sign of the
nonlinear susceptibility after each coherence length or via allowing each coherence length of nonlinear interaction with the other
sections remaining to get only linear propagation that rearranges the relative phases [213]. To meet the QPM conditions, material
under investigation needs to possess the 2"-order optical susceptibility, so that glass should undergo a poling process to create a
nonzero y® value [213].

5.1.2. Third order nonlinearity in glass
In isotropic materials such as glass, second order NLO coefficients are zero if the centrosymmetry is not broken. In such cases, the

dominant nonlinear parameter is the nonlinear refractive index, ny, which is related to the third order susceptibility y® as n, =

3
noe2

been found that the nonlinear susceptibility is closely related to the linear refractive index. A glass with high linear refractive index will
also have high nonlinear refractive index, as shown in Fig. 23. Considering the complexity of the glass composition, some small de-
viation from the Miller’s rule can be found for some glasses [214,215]. These results indicate that the linear and nonlinear refractive
index are mostly determined by the same parameter, which is essentially the polarizability of the ions in the glass matrix. This is, of
course, important for designing appropriate glass composition for different applications and spectral ranges.

CX(3), where ny is the linear refractive index and ¢y vacuum permittivity, c the speed of light in vacuum. For almost all glasses, it has

5.1.3. Generation of second-order optical nonlinearity in glasses

Different techniques have been developed to generate effective second order NLO in glass by breaking the centrosymmetry of the
isotropic glass structure. The illumination of glasses by two mutually coherent beams with fundamental and doubled frequencies leads
to the formation of a long-lived reversible electrostatic polarization. This process is known as optical poling. During optical poling,
glass changes its symmetry and the photoinduced second harmonic generation can be produced. This phenomenon has been inves-
tigated especially in silica-based oxide glasses and fibers [216,217], and, more recently, in tellurite glasses [218]. Efficient SHG has
been obtained with commercial optical fibers using quite high pumping/poling power during several hours. In tellurite glasses, the
maximum SHG was reached relatively rapidly, only after several minutes of poling, with a peak pumping power density in the range of
GW/cm?. A recent study has been reported to better understand the optical poling efficiency in multimode fibers [219].

A thermal poling process involves the application of a DC field to a heated glass with sufficient ionic mobility, and the cooling down
to room temperature in order to “freeze” the internal electric field generated during the poling, which can be more or less permanent.
This process has been applied to many different glasses and the poling mechanism has been carefully studied [220-225]. The obtained
second order susceptibility is generated mainly on the surface layer near the anode due to the mobility of charge carriers. The nature
and the composition of the glass as well as the poling conditions may affect greatly the poling efficiency.

5.1.4. Introduction of crystals in glasses

The introduction of crystals inside the glass matrix is another well-studied method for generating second order NLO properties. The
idea is to benefit from the (potentially high) second order nonlinearity of crystals and the ease of glass fabrication and shaping. For
example, tellurite glass-ceramics containing centrosymmetric KoTe4Og crystals showed clearly an effective second-order susceptibility
of 1.3 pm/V at the wavelength of 532 nm, ten times that of quartz [226]. It was concluded that the SHG originated from the abrupt
changes in optical susceptibility at the interfaces between the glass and the crystal, together with the higher-order nonlinear response.
This result indicated that it is not mandatory to have non-centrosymmetric crystals inside the glass matrix to obtain significant second
order nonlinearity. The main issue with the glass-ceramics for optical application is the management of scattering losses induced by
crystals. The most important parameters to be optimized include the size, the quantity of the crystal as well as the refractive index
difference between the crystals and the glass matrix. Tellurite glass—ceramic fibers have been investigated with demonstrated SHG and
the propagation loss of the partially crystallized fiber was in the range of 0.15 dB/cm, comparable to that of a typical LiNbO3 planar
waveguide [227].
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5.2. Common applications of nonlinear glasses

Brillouin and Raman amplifications: Brillouin scattering refers to the inelastic scattering of light from acoustic phonons of the
material and is one of the third-order nonlinear optical phenomena, together with Raman scattering, that is associated with phonons
[228]. Glass can act as gain medium in which the stimulated Brillouin scattering (SBS) results from the interaction of intense pump
light with either externally injected seed light or Stokes-shifted light originating from spontaneous Brillouin scattering (SpBS). SBS
from fiber or planar waveguides find many applications such as for optical phase conjugation, pulse compression, serial beam com-
bination, and distributed sensors [229]. Unlike its potential adverse impact on fiber-based optical communication systems, SBS is quite
efficient as a nonlinear amplification route that provides a large optical gain with pump power as low as several milliwatts [230].
Specifically, the optical gain in SBS can be used for amplification of weak optical signals at frequencies equal to Brillouin shift [231].
For example, Brillouin fiber amplifiers have applications in microwave photonics, radio-over-fiber technology, and fiber-optics
sensing. From the viewpoint of the efficiency of acousto-optic devices that can be used for evaluating Brillouin gain medium, glass
is considered less effective compared to crystalline materials, e.g., TeO; crystal, in terms of refractive index, photo-elastic constant,
acoustic velocity [232]. However, the high degree of freedom of glass compositions and forms are attractive. A large Brillouin gain
coefficient is desired not only to mitigate the pump power requirements but also to shorten the interaction length [233]. Listed in
Table 4 are Brillouin gain coefficient, Brillouin linewidth, and Brillouin frequency shift of some representative glasses.

Raman scattering results from acoustic phonons interacting with the pump light, and both spontaneous and stimulated scattering
can occur. When the light-induced molecular motions occur in a coherent fashion, stimulated Raman scattering (SRS) results, which
implies that the vibrational modes oscillate in harmony resulting in a coherent polarization, and, therefore, the subsequent light
emission is coherent [236]. SRS is one of the active applications of nonlinear optical glasses and is employed commercially as fiber
Raman amplifiers or lasers. Given the compositional versatility of glass, the Raman (and Brillouin) properties, such as the scattering
coefficient and Stokes shift, can be broadly tailored. A proper adjustment of pump wavelength allows SRS emission at a desired
wavelength range, which enables the exploitation of fiber Raman amplifier in practical wavelength-division multiplexing optical
communication systems [231]. Ge-doped single mode silica glass fibers are common in modern optical communications networks.
Even though the typical single-mode fiber itself can serve as a distributed Raman gain element to amplify the transmission of optical
signals [237], the Raman gain coefficient of the Ge-doped silica glass is relatively low compared to other multicomponent silicate
glasses as well as ChGs. Listed in Table 5 are Raman gain coefficient, gain bandwidth, and Stokes shift of some representative optical
glasses.

Since the optical (and acoustic) phonon spectrum is broader in glass than in crystals, Raman (and Brillouin) scattering from glasses
features generally broader band. For example, the Raman gain spectrum of silica fiber extends over a frequency range up to 40 THz
[237]. Optical amplification at any desired wavelengths is allowed, in principle, given that a proper pump source is available. This is a
key advantage of SRS over narrower-band ion-doped amplifier glasses, e.g., Er- or Yb-doped glasses. Progress in low-loss ChG has
improved performance now permitting lasing action in mid-infrared wavelengths [243,245]. A recent analysis on Raman charac-
teristics of Ge-As-S glasses showed that Raman gain coefficient tends to decrease, but laser damage threshold becomes improved upon
increase of Ge content [243].

All-optical switching: All-optical switching can result from the modulation of optical signals by a control optical beam, which
arises from various third-order optical nonlinearities. A practical all-optical switch is normally composed of nonlinear optical materials
in the form of photonic (or plasmonic) micro- or nano-structures [246,247]. The practicality of nonlinear optical materials for use as
all-optical switching can be assessed in terms of power consumption, switching time, and switching efficiency [247]. Taking these
parameters into consideration, highly nonlinear glasses are quite competitive for the construction of all-optical switching devices. As
nonlinear switching media, glasses exhibit ultrafast response times, compatibility with existing fiber-drawing capabilities, and low
optical losses. In particular, ChGs possess inherently high nonlinearities, compared to the oxide counterparts, and the introduction of
micro/nanoscale structures to ChGs can further improve their all-optical switching performance. Summarized in Table 6 are repre-
sentative parameters related to the third-order optical nonlinearity of different glasses. As the optical bandgap energies of the glasses
listed in Table 6 are quite different from each other, the proper selection of operating wavelength is required, in addition to the pa-
rameters related to optical nonlinearity, in order to fully exploit the figure of merit (FOM) values.

Optical limiting: Optical limiting normally refers to a nonlinear optical phenomenon in which low-intensity light is allowed to
transmit but high-intensity light is not. Optical limiting originates from various nonlinear optical phenomena such as nonlinear
refraction, nonlinear absorption, and nonlinear scattering [263]. In addition to conventional applications, e.g., protection of eyes and
sensitive detectors against intense radiation, optical limiting can also be applied to all-optical neuromorphic devices functioning as a
proper ultrafast optical switching component [263]. If optical limiting behavior stems from nonlinear absorption of a given glass, an
abrupt decrease in the transmission should occur at a given threshold intensity. Optical limiting can also be observed via nonlinear

Table 4

Brillouin scattering-related values of some representative glasses.
Composition (mol%) SBS gain coefficient (cm/GW) Brillouin linewidth (MHz) Brillouin frequency shift (GHz) Ref.
74.58i02-10.2B203-10.2Na30-5.1K,0 2.2 165.0 34.6 [234]
Silica 2.9 162.0 32.6 [234]
10K50-90Si0, 3.1 208.0 21.8 [235]
55.8ZrF4-14.4BaF,-5.8LaF3-3.8A1F3-20.2NaF 360.8 96.0 18.8 [235]

25



W. Blanc et al. Progress in Materials Science 134 (2023) 101084

Table 5

Raman scattering-related values of some representative glasses.
Composition (mol%) Raman gain coefficient (x 1013 m/W) Raman frequency shift (THz) Ref.
Silica 1.1 13.5 [238]
85Te0,-15WO03 30.0 21.4 [238]
85Te0,-10Nb,05-5MgO 21.0 22.0 [238]
63Te0,-27T1,0-10PbO 38.0 21.3 [239]
80Te0,-10Bi,03-10BaO 38.8 22.3 [240]
45Te0,-10Zn0-5Na,0-10Nb,05-15W03-15P,05 49.3 20.3 [241]
60Te0,-10Zn0-5Na,0-10Nb;0s-15M003 72.9 20.1 [241]
30K,0-30Nb,05-40Si0, 27.5 19.9 [242]
As40S60 279 10.3 [243]
Ge7As32S61 234 10.3 [243]
Ge,3As12S6s 163 10.3 [244]
Geys5GasSyo 142 10.2 [244]
Ges3Se7 131 10.3 [244]

Table 6

Third-order nonlinear optical properties of various glasses.
Composition (mol%) no (@1.55 pm) ny (10°Y7 m%/W) ny f (cm/GW) 7310712 esu) FOM ny /pA Eg (eV) Ref.

ny (silica)

As40S60 2.45 - 220 <0.030 3.5 >13.12 2.35 [248]
As40Seso 2.81 - 930 0.14 26.0 11.94 1.77 [249]
As40S40Sez0 2.55 - 300 0.06 - 9.03 2.10 [249]
Gej5.125b15.11569.77 2.44 4.17 - 22.0 931.1 0.12 2.45 [250]
Gej2.55ba0Seey s 2.80 1.14 409 0.37 - 0.20 1.57 [251]
Ge15Sb1sSezg 2.69 1.0 358 0.35 - 2.0 1.62 [251]
Gey7Seg3 2.33 - - - 2.6 - 2.65 [252]
Gej4.45In35 Sezo 55 2.37 - - - 3.1 - 2.57 [252]
Gey5.38A830.77553.85 - - 130 < 0.01 - > 21.0 2.53 [253]
GegpAssoSeso - B 620 0.24 - 4.20 1.82 [253]
‘Ges1SbeSeo 2.35 0.26 87 <0.10 - >2.50 1.80 [254]
'GayoSnaSero 2.65 - 2491 11.40 - 0.61 1.58 [254]
IGe10AszTero 3.66 4.96 - 3.34 - 0.50 0.74 [255]
TGegoSe1oTezo 3.37 2.24 2.23 0.33 0.84 [256]
"Ge33567 2.47 2.75 - <0.10 21.0 >17.74 2.75 [250]
GesoIn; oSeo - - 2297 17.40 - 0.40 1.97 [257]
TGezgsl)l 0Cd7.5S62.5 2.40 0.32 - 1.08 - 3.70 2.15 [258]
‘.G326,7G38565.3 2.00 0.06 - 8.75 - 0.01 2.73 [259]
1Gegg 3Gay 4Cs212S63.3 2.16 0.31 - 1.45 2.8 0.27 2.58 [260]
110Ca0-35Bi,03-55B,03 - - - 0.03 - - - [246]
T70TE302-5]?vi203-25Ba0 2.05 0.15 - 2.59 2.4 0.07 3.11 [260]
¥60Bi203-25Ge02-15Ti02 2.24 - - 0.20 7.2 - 2.17 [261]
i60Biy03-20B;03-20Si0, 2.04 - - - 9.3 - - [262]

§ T 1

measured at 1064 nm; ' measured at 3 pm;  measured at 800 nm; ‘measured at 633 nm.

refraction in the form of self-focusing or self-defocusing being responsible for the intensity-dependent transmittance. ChGs are
considered as good candidates for optical limiting. For instance, GeygSb2Sego glass was demonstrated to exhibit a two-photon ab-
sorption coefficient of 3.5 cm/GW, promising for optical limiting applications at ~1 um [264].

Low-nonlinearity glass: In glasses for high-power laser applications, optical nonlinearities are often parasitic instead of beneficial.
The gain coefficient tends to increase in proportion to the linear refractive index by way of the local-field enhancement [265]. On the
other hand, the nonlinear refractive index becomes more significant in its effects especially at high optical powers because the
refractive index changes accompanied by changes of pump and/or laser intensity [266]. Silicate and phosphate glasses have been used
as laser glasses; however, the relatively lower optical nonlinearity inherent in fluoride glasses is fascinating [267]. Combining the
better damage threshold of oxide glasses and the lower optical nonlinearity of fluoride glasses can be a good compromise, and in this
regard fluorosilicate and fluorophosphate glasses are readily available as practical laser glass [268]. Since the optical gain is deter-
mined not only by gain coefficient but also by loss coefficient, synthesis of impurity-free homogeneous glass is crucial for high-peak-
power laser applications. In addition to the merits of fluoride glass brought by the reduced nonlinear refraction and nonlinear ab-
sorption, the relatively more extended transmission window of fluoride glasses is advantageous in achieving laser activity in mid-
infrared wavelengths.

5.3. Recent research trends and future directions in nonlinear glasses

To further enhance the third-order nonlinearity, glass with relatively low nonlinearity can serve as host matrix for semiconductor
nanocrystals (quantum dots; QDs) or metallic nanoparticles, which possess very large optical nonlinearities. It has been known that
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glasses doped with QDs, e.g., CdS, CdSe, CdTe, PbS, and CuCl, are promising materials for resonant-type nonlinear optical devices with
switching times in the picosecond range [269]. Here, the blueshift of the exciton absorption peaks depends on ratio of the QD radius to
the exciton Bohr radius. When the excitons possess an effective Bohr radius significantly larger than the QD radius, ‘electron-hole
confinement’ dominates. However, for the opposite situation, the ‘exciton confinement’ becomes dominant [270]. As a result, the
effective exciton mass differs, which, in turn, affects the effective bandgap energy of the QDs as compared to the ‘bulk’ bandgap energy
of the parent semiconductor. This quantum confinement effect normally manifests itself in blue-shifting the exciton resonances upon
the increasing quantum confinement with decreasing QD size [271]. The changes both in position and magnitude of the exciton
absorptions result in changes of refractive indexes, which can be quantitatively assessed using the Kramers-Kronig transformation. This
approach allows a correlation between changes in absorption coefficient and the corresponding changes in refractive index to which
the nonlinear refractive index is proportional. As such, the third-order nonlinearity of glass doped with QDs is further enhanced in the
case of smaller size and larger volume fractions of QDs [271]. A variety of QD compositions have been introduced into glasses.
However, the majority of these compositions are direct bandgap compound semiconductors as opposed to indirect bandgap elemental
(unary) semiconductors. Enhancement of third-order nonlinearities that are induced by the embedded QDs is worth noting. Buso et al.
prepared NayO-B,03-SiO; glass doped with 1 wt% PbS QDs via a sol-gel route [272]. The presence of the PbS QDs with average
diameter of 3.5 nm, far smaller than the Bohr radius of the 18 nm exciton in bulk PbS crystals [272], was confirmed using high-
resolution transmission electron microscopy. Along with the typical blueshift of absorption peak due to the quantum confinement
effect, the PbS QD containing glass featured nonlinear refractive index of 2.03 x 10~!* cm?/GW and nonlinear absorption coefficient of
7.05 x 1071° cm/GW, both of which were measured using Z-scan method. Du et al. synthesized ZnO-TeO,-P2O5 glasses via con-
ventional melt-quenching technique, and precipitated ZnTe QDs inside the glass matrix [273]. The ® values obtained using Z-scan
technique reached up to ~10~!! esu, which is roughly 100 times larger than that of silica glass, and 10 times larger than that of tellurite
glass, without QDs [273]. The resulting y® was attributed to the presence of ZnTe QDs, the number of which tended to increase with
increasing TeO; content in the range from 10 to 30 mol%. More recently, the nonlinear properties of glass doped with perovskite QDs
was reported by Xu et al. [274]. Specifically, perovskite CsPbBrg QDs were precipitated in borosilicate ZnO-B,03-SiO- glass through a
typical melt-quenching-annealing approach. Together with a strong photoluminescence in the visible wavelengths, the prepared
glasses exhibited nonlinear absorption coefficient of 1.85 x 10~12 m/W, which further revealed a cross-over from saturated absorption
(SA) to reverse saturated absorption (RSA) by increase either in the pumping intensity or in the QD size.

In addition to semiconducting QDs-doped glasses, metallic nanoparticles (NPs)-doped glasses have been actively pursued as a
means to enhance the effective third-order optical nonlinearity [275]. The third-order nonlinear susceptibility of metallic NPs
embedded in glass is governed not only by the composition and size of the metallic NPs but also by the effective dielectric constant of
the metallic NP-dispersed glass. Appearance of surface plasmon resonance (SPR) induced by the presence of metallic NPs is well-known
[276]. SPR evidently observed from the metallic NPs-containing glass tends to enhance their »(® values with picosecond temporal
responses. Excitation of the free-electron gas at the surface of the metallic NPs induced by the incident electromagnetic field gives rise
to collective oscillations of the free electrons, thus exploiting surface plasmons. If the size of the metallic NPs is significantly smaller
than the wavelength of incident light, and the volume fraction of the spherical NPs is very small, then the absorption coefficient of the
composite is maximized at the SPR frequency [277]. This corresponds to the collective electronic excitations at the metal/glass
interface. The optical response of the metallic NPs-dispersed glass is determined either by the enhanced local electric field near the
metallic NPs, i.e., dielectric confinement, or by quantum confinement. It was experimentally verified that the increased third-order
nonlinearity of these glasses containing metallic NPs arose mostly from the local electric field enhancement in the vicinity of SPR
wavelengths in which a peak y® value of ~10~7 esu was observed [278]. A useful figure of merit for these types of nonlinear optical
glasses is the y® /a term. As such, an optimum operation wavelength may be chosen in consideration of the increase of y(®
compromised with the corresponding increase of a [278].

As one of the key recent studies associated with glass doped with metallic NPs, works on the formation and characterization of glass
doped with bimetallic NPs deserve more attention. Not only optical nonlinearity but also magnetic (or magneto-optic) properties are
known to be tailored by employing plasmonic-magnetic bimetallic NPs with compositions of Au-Ni [279], Cu-Ni [280], Au-Cu [281],
and Ag-Ni [282] NPs, all being dispersed in silicate glasses. These types of bimetallic NPs contribute to tuning the surface plasmon
absorption band, thus enhancing the magnetic-optical properties. A recent study reported that magneto-optic effect of plasmonic-
magnetic NPs could be increased by an order of magnitude over the single metal component [283]. As stated, the lack of second-
order nonlinearities in glass makes it an ideal host matrix for the bimetallic NPs [279]. For example, glass containing 42 nm-AuNi
NPs exhibited large third-order nonlinear susceptibility of 8.14 x 10~!! esu and strong ferromagnetization [279].

A processing route for the preparation of glasses with novel metal and/or semiconductor NPs is worth noting [284]. Lin et al.
proposed that Si, Ge, Bi, and Cu NPs can be formed in Na;0-B;03-SiO; glasses via melt-quenching followed by thermal treatment with
metallic Al used as a reducing agent. The size of NPs was controlled by heat-treatment temperature and holding time. The fabricated
NP/glass composites exhibited large third-order optical nonlinearities of up to 108 esu and response times of picoseconds.

Optical glasses for use in imaging applications require precisely defined linear refractive index and its dispersion over a suitable
range of wavelengths. In this case, the optical nonlinearity can generally be ignored because the incoming optical fields are weak in
intensity. It is well-known that a variety of glasses are required to minimize optical aberrations. In the visible spectral range, there are
many glass compositions commercially available, represented over a wide range of the Abbe diagram [9]. However, as the perfor-
mance of image sensors operating in the visible range is rapidly improving, and at the same time as the camera module needs to be
more compact for compatibility with mobile devices [285], packaging the optical aberration-free lens assembly into a compact-size
camera module becomes more critical. In this regard, glass lenses are replacing polymeric lenses that have been applied for
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miniaturized lens assemblies. The most versatile optical glasses for imaging applications require high refractive index and low
dispersion, enabling a more compact lens with an increased optical power. Moreover, fabrication process of lenses based on direct
machining or precision molding is facilitated because the surface curvature is relieved for refractive lens. In addition, the advent of
urban air mobility (UAM) as well as self-driving vehicles should require conspicuously more visible cameras in addition to thermal
cameras operating at the long-wavelength infrared (LWIR; 8-12 pm) range. For these applications, in the civilian sectors, processing
cost for lens assembly can be mitigated by employing the precision glass molding (PGM), and therefore recent studies are focused on
search for moldable glasses [286]. This moldability issue tends to make compositional optimization more complex because PGM
process often relies on hard molds such as diamond-like-carbon coated tungsten carbide (WC). Compositional searches for optical
glasses for visible imaging uses have been largely performed empirically. However, recent studies utilizing machine learning (ML) are
worth mentioning. To develop compositions with tailored Abbe number (v4) and refractive index, Zaki et al. elaborated ML models to
predict the composition-dependent variations of vy and n4 through identifying the contribution of each input constituent towards
target prediction [287]. That work verified that glass formers such as SiO2, B3O3, and P20s, and intermediates, such as TiO, PbO, and
BiyOs, played a significant role in controlling the optical properties. As presented in Fig. 24, an Abbe diagram was created using ML
models that allows for the accelerated discovery of new glasses for optical properties.

Cassar et al. sought to correlate the glass transition temperature (T,) and refractive index (ng) utilizing a dataset exceeding 40,000
compositions with >37 different chemical elements [288] and employed data-driven predictive neural network models with a genetic
algorithm. Glass compositions featuring ng > 1.7 and T, < 500 °C were screened, and two groups of glasses, significantly different from
the compositions in the datasets, were explored to demonstrate the usefulness of ML-guided design of optical glasses for use as visible
imaging components.

Glasses for LWIR imaging applications, remain relatively unexplored in terms of the compositional diversity required for widening
the LWIR Abbe diagram. This should be carried out to keep-up with the rapidly advancing LWIR image sensors, e.g., uncooled
microbolometers [289]. Because the candidate glasses should be transparent to a wavelength of at least 12 um, Se-based chalcogenide
glasses have been commercialized mostly in the compositional systems of binary As-Se and ternary Ge-(As, Sb)-Se [290]. For further
enhancement of the LWIR glasses, several issues need to be resolved: (1) glass with higher refractive index and less dispersion is in
demand, and in this regard a new glass with refractive index at 10 pm (1n;0) and LWIR Abbe number (v1¢) >3.2 and 200, respectively.
(2) As noted, the commercialized glasses to date contain As and/or Sb, which are generally considered toxic (though debate on the
toxicity of Sb is not resolved yet), so glasses without these elements may be preferred. (3) Ge is costliest among the known constituents
(at least 8 times more expensive than the others), which becomes an obstacle to overcome for use in the civilian applications.
Therefore, glasses containing no Ge or less Ge would be more competitive. (4) Moldability of the LWIR-imaging glasses should be
settled for cost effectiveness of mass production.

Unlike the case of the visible imaging glasses, the refractive index dispersion of LWIR imaging glasses tends to be more sensitive to
the IR transmission edge, which results from multiphonon absorption [291]. Therefore, multiphonon absorption, which depends on
the vibrational modes present in a given glass, can affect both the IR optical cutoff and the LWIR Abbe number. Fig. 25 presents a
typical LWIR Abbe diagram incorporating sulfide, selenide, and telluride glasses as well as mixed-chalcogen glasses. It is worth
mentioning that most of the glasses presented in Fig. 25 are already commercially available or will be for use as LWIR lenses. Sulfide
glasses tend to feature lower n;o values and at the same time lower v1¢ values than the other ChGs. This is understandable in that sulfur
atom is the lightest and lowest in atomic polarizability among the chalcogen S, Se, and Te atoms. This reasoning can also be applied in
understanding the behaviors of telluride glasses. Mixed-chalcogen ChGs such as Ge-Sb-S-Se and Ge-Ga-Se-Te glasses would be able to
bridge the njo and v1 gaps in the LWIR Abbe diagram that are situated between single-chalcogen sulfide, selenide, and telluride
glasses.
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Fig. 24. An Abbe diagram for the visible wavelengths generated using the machine learning models. Points represent the experimental data, and the
colored regions indicate the range of properties achievable using respective glass compositions (Reproduced from Ref. [287] with permission from
American Ceramic Society).
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For use in imaging applications, the moldability of optical glasses is a topic that requires deeper attention for more cost-effective
solutions. A multi-cavity molding technique in which at least 4 preforms are simultaneously subject to the PGM process is available,
and, further, wafer-level molding techniques are being developed for production of small-size lenses. Moldability issues tend to make
the compositional design more complicated. For example, to ensure the service time of a mold, the molding temperature needs to be as
low as possible. However, a lower molding temperature needs to consider the thermal stability of the given glass.

Grafting optical metastructures (metasurfaces in many cases) into nonlinear optical glass is anticipated as a viable option to further
enhance the nonlinearity performance of glass. In addition to the well-known application of glass-based metalenses, some recent
studies concerning metastructured nonlinear glasses show considerable promise. It is noteworthy that ChGs are treated as a proper
medium in most cases because of their strong optical nonlinearity and relative ease of deformability for introducing metastructure. As a
recent example, the surface of As,S3 glass film was metastructured by Xu et al. [292] in such a way that the transmitted light could be
reshaped into a beam carrying a well-defined orbital angular momentum (OAM), depending on the intensity of the input light. The
strong Kerr effect inherent in the ChG film enabled this reconfigurability, and the use of a resonant design of the metasurface pattern
yielded a larger index change as compared to an unpatterned film. Gupta et al. [293] employed ChG metasurfaces to demonstrate
experimentally and theoretically that significant SHG can be obtained within the Se-based ChG metasurfaces. A ChG film deposited by
evaporation onto nanoimprinted Si master was dewetted to adjust the SHG of the all-dielectric metasurfaces. The measured second
harmonic conversion efficiency was larger than a comparable plasmonic metasurfaces or silicon-based structures. Frantz et al. noticed
that precise tuning of the resonance frequency is challenging in metastructure fabrication [294]. To resolve this challenge, they
exploited the temperature dependence of the refractive index of AsySes glass. A large refractive index change of approximately 0.1 in
the evaporated As,Ses films was responsible for the thermal tuning of ChG-based metastructure. This thermal tuning was exemplified
by a metastructure in which a 10-nm shift of the resonance wavelength was shown, thus broadening the feasibility of ChG-based
metastructures. Gao et al. experimentally demonstrated a near-infrared to ultraviolet frequency conversion in an AsyS3-based meta-
surface [295]. It was evidenced that ChG can also be used to generate THG in the UV frequencies despite the presence of strong
material absorption in the UV range. A photonic metasurface consisting of As,Ss glass nanowires featured THG intensity to be about
5.5 times larger than that from the reference 300-nm-thick As,Sg thin film. Phase locking mechanism between the near-infrared pump
and the inhomogeneous portion of the third harmonic signal was proposed to be responsible for generation of the intense THG in the
previously unexploited spectral range for ChGs.

As for the future, nonlinear optical materials are playing increasingly important roles in modern photonics for light conversion,
amplification, guiding, switching and many more. Nonlinear crystals are still the preferred materials for optical engineers and sci-
entists. However, glasses have numerous advantages in terms of ease of fabrication and shaping, making complex devices possible,
which are necessary for practical applications. Different glass families will have different transmission window and very different
optical nonlinearity. Glasses with low nonlinearity, such as silica glass, will be able to withstand high pumping power, while glasses
having high nonlinear refractive index, such as chalcogenide glasses, only need a short interaction length. Compromise or selection
should be performed for each application. The unique capability of glass enabling easy incorporation of other foreign particles inside as
well as relatively facile structuring its surface or interior makes lower nonlinearity glass also attractive, in addition to inherently highly
NLO glass. Glass intrinsically does not have second order optical nonlinearity because of the isotropic structure. Different techniques
have been investigated during the last two or three decades to efficiently break the centrosymmetry of glass. These investigations are
among the current research topics on nonlinear optical glasses.
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Fig. 25. LWIR Abbe diagram composed of ChGs. Note that the infrared-side transmission edges of most of the ChGs are located at >12 pm. The solid

symbols indicate ChGs commercially available for use as thermal imaging lenses, whereas the open symbols denote ChG compositions that are
potentially applicable as molded lenses.
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Table 7
Main point defects in different glass systems.
Defects Wavelength of the band maximum (position of the band References
given in eV)

Silicate system

HC Hole center 200 (6.2) [298]

Si-EC Trapped electrons. 220 (5.6), 245 (5) and 305 (4.1)

Hj and Hy Trapped holes on one or two nonbridging oxygens on the same SiO, tetrahedron 440 (2.8) and 660 (1.9)

Ozone 258 (4.8) [299]

Phosphate system

POHC Phosphorus oxygen hole center with an unpaired electron shared by two nonbridging oxygen atoms bonded to the same 540, 430, 325 [300]
phosphorus (2.30, 2.88, 3.81)

PO3 (phosphoryl) Defects characterized by an unpaired electron localized on the central P atom generally called phosphorus-oxygen 210 (5.9)

POY electron centers (POECs) 240 (5.17)

(phosphoranyl)

PO3 (phosphinyl) 265 (4.68)

OHC Oxygen hole centers 290 (4.27)

Tellurite glass

Te-NBOHC Central Te atom linked to three bridging oxygens and one oxygen being a non-bridging one with positive charge - [301]
indicating a trapped hole

TeEC/Vo Electron and hole trapped in an oxygen vacancy, respectively, while the Te is connected to three oxygen - [302]

TeOHC: Hole trapped in the bridging oxygen - [303]

Germanate system

(GLPC)' Germanium atom linked to two oxygens and a lone pair of electrons 225 (5.5) [304]

GEC Germanium electron trapped center with a fully coordinated Ge atom with an extra electron trapped at the center. 261 (4.75) and 315 (3.9)

Ge E/ Neutral color center defect where a Ge is linked to three oxygens and the fourth link is replaced by a lone pair of 197 (6.3) [305]
electrons.

Ge-NBOHC Germanium-related non-bridging oxygen hole center with a central Ge atom linked to four oxygens 375 (3.3) [306]

GeO3 Ge linked to three oxygens, and a residual positive charge - [307]

Borate system

B-OHC Hole trapping on a nonbridging oxygen between 3 or 4 coordinated borons. 360 (3.4) and 500 (2.7) [298]

B-EC’ Trapped electrons. 240 (5.2) and 280 (4.4)
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6. Photochromic/photosensitive glasses

Photochromic glasses change color temporarily when exposed to light whereas photosensitive glasses change color as a result of
radiation treatment. Work on this topic in oxide glasses began in the 1940s. Since the extensive work from Stookey, who investigated
the impact of radiation treatment on the optical properties of glasses in various glass systems in the 1950s [296], the investigation of
glass-light interaction has been ongoing worldwide ever since. This section reviews such evolution over the past 6 decades, high-
lighting some of the key findings in both oxide and non-oxide glass materials.

6.1. Principles

One of the first studies examining post-irradiation color changes focused on understanding the impact of glass composition on the
optical properties after solar radiation being reported already in the 1950s [297]. To understand their photo-response, glasses have
been subjected to different radiation sources ranging from ionizing sources (e.g., alpha, beta, gamma and x-rays) to non-ionizing
sources (e.g., radio waves, microwaves, infrared, (visible) light and ultraviolet). The radiation treatment can lead to the formation
of internal defects, often referred to as color centers with specific properties, or to structural rearrangements that lead to a permanent
or reversible shift in the glass’ band edge energy/wavelength. Table 7 lists the most common defects reported in some oxide glasses.

Dopants to retard or eliminate the formation or stability of defects are often added to the glass to compensate and stabilize the
charge species created. These additives are called sensitizers and are usually (for negative charge defects) multivalent species which
can combine with the charged species to neutralize it. A review of material performance and solarization effects for various oxides is
contained in [308]. For further information about photo-response of oxide glasses in various systems, readers are referred to these
different reviews [309-311].

Photoinduced effect in chalcogenide glasses has been studied for >40 years as these glasses are known to be photosensitive to band-
gap radiation. Here, the photo-response is typically governed by the chalcogen atoms [312] and their lone pairs of electrons. The
absorption of the light near the band gap leads to structural rearrangement leading to changes in some properties of the glass such as
refractive index and density, as well as other electronic properties where charged species can influence response. The first model of the
photo-response of chalcogenide glasses was reported in 1977 [313]. In this model, the absorption of a photon is thought to produce an
electron-hole pair generating a bonding state (exciton), the recombination of which occurs by recombination to the fundamental state
or by the creation of a metastable pair D™D'". Since then, different models have been developed to understand the photo-response of
chalcogenide glasses. For some models, the radiation treatment is expected to break and rearrange bonds while in other models it
modifies the coordination spheres leading to the formation of residual charge and defects. The different models on photo-induced
processes in chalcogenide are summarized in [314]. The photo-response of the As,S3 glass has been intensively investigated. Upon
illumination (in the bandgap and with a visible/NIR cw/pulsed laser), the structure of this glass becomes more disordered with a larger
distribution of bond distances and angles. The irradiation also leads to the creation of As-As and S-S bonds at the expense of As-S bonds
in glasses in the As-S system, whereas heteropolar Ge-Se bonds were found to form from the less stable Ge-Ge/Se-Se bonds in GeyAsys.
xSess glasses upon radiation treatment [315].

Compaction is usually observed after irradiating glasses with rather open three-dimensional structure such as silica-based and
gallium-lanthanum-sulfide glasses whereas expansion is seen in glasses with more dense structure such as As,Sg and fluoride glasses
[316]. For example, the volume expansion observed after irradiating germanate glass was correlated to the diffusion of the chalcogen
atoms, especially S, into the irradiated spot [316].

The changes in the glass induced by the irradiation are often reversible. For some glasses with lower glass transition temperatures,
the glass can be returned to its initial state at room temperature over sufficient time (via sub-T, relaxation impacting optical and
physical or mechanical properties) or using a heat treatment at elevated temperatures or an optical illumination [317]. Such mech-
anisms for a wide range of non-oxide materials have been reviewed in [318].

All the studies on glass-light interaction clearly show that investigating the glass photo-response is extremely difficult and complex.
This is because the photo-response varies with glass composition and with the concentration of impurities. Additionally, the glass can
exhibit different photo-response depending on the radiation source and parameters. For example, the pre-existing defects in phosphate
glasses can be converted into color centers using gamma radiation while the irradiation with an excimer laser can be used to free
electrons through multiphoton ionization and hole defect centers [319]. Similar studies have been carried out in non-oxide glasses
where their use in planar photonics and potential use in space applications, warrants an understanding of their response to a range of
radiation types. These efforts are ongoing but a report on the comparison of time resolved, radiation response of bulk and films of
As,Ses to gamma irradiation defines some of the challenges of making such measurements due to the rapid bond-healing that can occur
in the low T glass network [320].

Although it is a difficult task, it is still crucial to understand the glass-light interaction as the formation of color centers can impact
the spectroscopic properties of luminescent glass. Indeed, the color centers are thought to play a crucial role in the photodarkening
(PD) process, known to yield a decrease in the performance of the fiber during operation due to the progressive increase in the optical
power losses associated with the appearance of a broadband absorption, the intensity of which increases with working time. The first
observation of the PD effect was reported in thulium (Tm®H) doped silica optical fibers in 1988 [321] and, almost 10 years later, in
yYb3+ doped fiber [322]. Although PD in yb3+t doped fibers has been intensively studied, there are still some debates about its
mechanism. For example, PD has been related to the creation of color centers and so to changes in the refractive index of the glass
[323]. According to Ref. [324], the irradiation leads to the formation of defects in silica glass such as trapped electron centers (TEC),
trapped hole centers (THC), and Si-E’ centers, which increase the absorption loss. These color centers were found to absorb the pump
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leading to an increase in the temperature of the fiber and consequently to mode instabilities damaging the beam quality of the fiber
lasers [325]. Others suggested that PD could be due to the partial change of valence of Yb>* ions to Yb?*and also due to the hole-
related color centers from trapping the charge carriers [326] although the presence of Yb®' has never been clearly verified.
Another suggestion for the origin of PD is related to two photons together with phonons from Yb3* jons, which lead to electron transfer
between non-binding oxygen atoms [327]. PD is also thought to be related to a non-radiative energy transfer from Yb3* ions to the
color defects [326]. The PD mechanism of the photodarkening in Pr** doped glass was recently published [328] and the addition of
Pr>* jons in silicate glasses was reported to promote the formation of TEC while limiting the formation of THC during radiation due to
its higher ability to trap a hole center than Si** and B*>* ions. The amount of Pr" ions is also expected to decrease during lasing due to
the potential reaction Pr®* + h* <(Pr3")" leading to the decrease in the lasing properties. Similar phenomenon is expected to occur in
Yb3* doped fiber. For more information, the readers are referred to a recent review on the recent advances in the PD mechanism in
active glasses [329].

Extrinsic defects can also be formed upon irradiation. They can originate from the dopants, such as multivalent transition metal
elements, as they can easily change their oxidation states during the radiation treatment leading to new absorption bands. For example,
Co?*, Mn?", and Fe?! photo-oxidize to the trivalent state replacing partially the intrinsic hole center defects [330].

Glasses have been also prepared with noble metal ions which can be reduced using radiation treatment due to the formation of
defects such as electron and hole traps. These metal ions can grow into metal nanoparticles with specific surface plasmon resonance
(SPR) properties changing the color of the glass. The SPR band can be tailored from visible to NIR, depending on the composition of the
nanoparticles and on their size, size distribution, shape, and their concentration [330]. This nanoparticles growth phenomenon has
been mainly reported in Ag and Au containing glass. For example, a Ag>0 containing phosphate glass was reported to emit at 500 and
620 nm after gamma irradiation due to the electron trapping Ag® forming Ag>" species and Ag3" emitting centers [331]:

Agt+e—>Ag (1)
Ag A" - Agi(2)
Agi+Ag" —>Ag T 3)

Agh' clusters with different m/x ratio are also suspected to form depending on the dose of the radiation source.

Electrons can also be produced by using other photosensitive elements that act as electron donors. For example, Ce>* can interact
with the light leading to the formation of Ce** with the release of an electron.

Using the same principle, glasses have been prepared with electron donors and acceptors but also with halogen ions which can
participate in the formation of the crystalline phases. These glasses are known as photo-thermo-refractive (PTR) glasses. The glasses
can be locally colored using radiation and thermal treatments. The radiation treatment first leads to the photo-ionization of Ce>* to
Ce**and one electron and so Ag®. A thermal treatment is then used to grow the metal nanoparticles which act as nucleation centers,
around which halide crystals such as NaF crystals grow when performing an additional thermal treatment at higher temperature. For
more details, a review on the photo-thermal mechanism and crystallization of PTR glass was recently published [332].

Photosensitive agents have also been used to engineer glasses to become dark when exposed to light while reverting to their initial
color state after removing the radiation source. This kind of glasses is known as photochromic glasses. The change in the glass
coloration is due to the precipitation of noble metal nanocrystals in the bulk with specific absorption properties based on their
composition and size. This particularity is due to the presence of crystallites in the glass. These crystallites can be cuprous chloride or
silver chloride or bromide. When the glass is impinged by the light with sufficient energy, there is an electron transfer from Cl to Ag*
resulting in a change to Cl and Ag as:

Cl +hv - Cl + e (4)
e +AgT>Ag(5)

The electron is trapped when it reaches a silver atom that is not equivalent to those on interior lattice sites, attracting then more
electrons and silver ions until the formation of colloids of silver on the surface of the crystallite. Fading can occur upon removing the
light source due to diffusion of the electrons (or holes) leading to a recombination when an electron crosses the surface enclosing the
holes. A thermal treatment can also be used to fade the glass due to a diffusion process.

The specific glass composition has a significant impact on the photochromic properties. Glasses can be prepared with different rates
of darkening and fading, different sensitivity spectra to the radiation and different optical densities in the darkened state. To increase
the darkening and fading rates, sensitizers can be added, such as cerium and europium, although fatigue was reported overtime when
adding them in the glass [333]. Other sensitizers such as arsenic, antimony, tin, and copper, for example, can be used.

6.2. Common applications of photochromic/photosensitive glasses

3D optical data storage: Silver and tungsten emerge as the most promising candidates, for 3D optical data storage. While ionic
silver is of interest due to its high sensitivity to light and its facility to reduce towards the formation of clusters and/or nanoparticles
with distinct luminescent properties, tungsten is the focus of studies concerning the redox of W®* ions, which leads to color centers
formation and drastic changes in the optical properties. In both cases, chemistry, physics and engineering must work in synergy to
achieve the high density of data per cubic inch, necessary to overcome the increased demand for storage information. The interaction

32



W. Blanc et al. Progress in Materials Science 134 (2023) 101084

of femtosecond lasers with photochromic silver-based glasses has been the center of intensive efforts to manipulate structures in 2 and
3D. Besides 3D optical storage, many applications are at the cutting edge for photonic devices, including more efficient Bragg gratings
and diffractive optical elements. Direct laser writing (DLW) using femtosecond lasers in silver based glasses has been shown to be very
promising for 3D optical storage and the patterning has achieved dimensions below the diffraction limit (~100 nm) making possible
the storage of hundreds of petabits in reduced dimensions [334]. Depending on the writing conditions, the data storage can be
reversible or permanent. However, some drawbacks must be overcome as several factors, such as stability with time, as well as writing
and reading speeds, must be established although the mechanisms involved in the photochromic effect are quite comprehended. Active
waveguides are other interesting devices to be obtained using silver based photochromic materials. The sizes of the clusters are
responsible to tunning the emission of light in the visible range, and in several cases can generate white light as already proposed and
stablished in the literature [335]. The production of special waveguides emitting white light will be achieved by the control of power
and repetition rate of the laser to tailor the response of the waveguide. The threshold between producing the guide and, at the same
time, inducing the controlled photoreduction of silver is very important from technological point of view. Also, depending on the glass
composition of the matrix, the color of the glass can follow the reduction and while low refractive index glasses (~1.5) present the SPR
in the range from 415 to 450 nm conferring light yellow color to the matrix, other glasses with refractive index higher than 1.8 exhibit
SPR bands from 500 up to 600 nm leading to deep red or brown colors.

Holographic optical elements: Photo-thermal refractive (PTR) glasses are already a reality and well stablished devices for the
visible and near infrared regions, with applications as volume Bragg gratings, Bragg reflectors, super-narrow band filters, waveguides,
laser beam combiners, distributed feedback lasers, among others [332]. Effort has been concentrated on the preparation of holographic
optical elements. For example, the substitution of bromide by chlorine in alumino-silicates glasses was reported to decrease the size of
the crystals precipitating after a thermal treatment, reducing the scattering in the blue range of the electromagnetic spectra for ap-
plications in the higher visible energy range [336]. A recent review of PTR glasses and other photo-induced crystallization materials for
gradient refractive index applications that discuss mechanisms and materials for refractive and diffractive optical applications, can be
found in [337]. While the visible-NIR spectral range is covered by the aluminum-silicate PTR glasses, another potential spectral range
emerges and is related to the tailoring of the transmission window towards the middle infrared, as far as 6 pm, by using heavy metal
oxides or heavy metal oxyfluoride based glasses. The challenge here will be to develop new glasses, as stable as the well-known PTR
glasses, prepared with chemical elements which can be sensitized by visible light (such as silver) and latter be selectively crystallized
by a controlled thermal treatment. Among the most promising candidates, we can highlight germanates and gallates based glasses.
Extending the transmission window to such region is pertinent once new sensors for detecting pollutants and greenhouse gases are
emerging rapidly, but up to now, functionality in this region is only covered by chalcogenide glasses [338].

5D data storage: Recently, a 5D data storage material has been proposed by P. Kazansky and collaborators using fused silica and
the formation of nanogratings by irradiation with femtosecond lasers [339]. Access the 4% and 5™ dimensions is based on the use of
different wavelengths associated to changes in the polarization states. With this approach, the possibility of encoding 10 Tb in a small
spot size of 100 nm was demonstrated through the technology called super-resolution photoinduction inhibition nanolithography
(SPIN), which breaks the optical diffraction barrier, reaching sizes as low as 9 nm (Fig. 26).

Such technologies have been demonstrated using fused silica. Another important feature stems from the fact that its lifetime is
estimated to 319 million years, making it the most long-lived data storage structure known. Since 3D data storage in tungsten based
photochromic was proposed by Poirier et al. in 2006 [340], the challenge has been to obtain more reliable and trustable materials
along the time. Recently, researchers have demonstrated that the addition of rare earths together with tungsten increases both res-
olution and readability and consequently the resolution of the data storage transforming such glasses into alternatives technologies for
3D data storage. Tungsten phosphate [117] and tungsten borates [341] reversible photochromic glasses seem to fulfill partially some
of the prerequisites necessary to encode data inside the glass using visible and femtosecond laser sources, respectively. In both cases,
the authors added RE ions in combination to tungsten to increase the readability of the encoded data using luminescence processes
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Fig. 26. (a) Binary 3D data pattern stored in fused silica by femtosecond laser. (b) Multiplexed 5D optical memory using gold nanorods. The
patterns were fabricated using different wavelengths and polarization states as 4™ and 5™ dimensions (Reproduced from Ref. [339] under the terms
of the Open Access Publishing Agreement).
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improving the quality of the material. In the borate system, silver was added to the other two components, allowing the uses of the
femtosecond lasers and increasing the fidelity and resolution of the reading data. Even if significant advances are achieved in new 3D
data storage media in tungsten-based glasses, it is clear that improvements to achieve long time stability and high resolution of both
writing and erasing processes must be demonstrated to pave the way towards the market.

6.3. Recent research trends and future directions in photochromic / photosensitive glasses

Recent global efforts have focused on the development of glasses with tailored photo-response, which is achieved by modifying the
glass composition. For example, when developing high-power laser fibers, it is crucial to develop glasses with suppressed photo-
induced phenomena, such as PD, which is one major factor limiting their output. One of the approaches to develop photo-resistant
glasses is to optimize their glass composition. As noted, a potential origin of photodarkening in Yb®* doped silica fiber is the Yb
clusters, which can be reduced by adding Al,O3 or P2Os in the glass [342]. Indeed, the addition of AlyO3 or P2Os in the silica glass leads
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Fig. 27. Phasics map at A = 750 pm of 18 um spots imprinted on a chalcogenide (a) and soda lime glass (b) subjected to identical poling voltages; An
profiles measured across circles 8, 18 and 30 um wide on a chalcogenide (c) and soda lime glass (d); principle parameters controlling the gradient of
index geometry in the glass after thermal poling (e). (Reproduced from Ref. [355] under the terms of the Open Access Publishing Agreement).
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to the formation of non-bridging oxygen increasing the Yb-Yb distance and thus avoiding Yb®* clusters in the glass [343]. According to
Deschamps et al. [344] P20s5 doping allows a better dissolution of the Yb3* clusters leading to lower level of PD than Al;O3 doping due
to the shift of the charge transfer band to higher energy. Jetschke et al. demonstrated that PD could be suppressed by adding the same
concentration of PoOs and Al,Os in the Yb3* doped silica glass [345]. Reduction in PD was also reported after adding Tm®* or Er®* ions
to act as a de-excitation channels [346]. Engholm et al. demonstrated suppression of the photodarkening in Yb3* doped glass by co-
doping the silica glass with Ce>*, which can inhibit the formation of defects [347]. Indeed, the holes centers formed while pumping the
fiber are trapped by Ce>" leading to the formation of Ce** though the reaction Ce>" + h* — Ce**. Ce** can then capture the electron
center leading to the formation of Ce®* through the reaction Ce** + e” — Ce3". Ce>* was found to have similar role in Pr®* doped fiber.
As mentioned also in the previous section, PD has been also related to the defects present in the silica network, especially the non-
bridging oxygen hole centers (NBOHC) and the aluminum oxygen hole centers (AIOHCs). The addition of Hy during the glass pro-
cessing was reported to be useful to reduce these defects as the Hy molecules can easily diffuse in the glass and react with NBOHC.
Following the reaction: Si-O - O-Si + Hy — 2Si—OH, Hj allows the formation of ~-OH bond while releasing the electrons bound with the
hole-related defects [348]. Recently, deuterium loading was also reported to be more efficient to suppress PD in Tm>* doped fiber than
H; loading due to the reaction of deuterium with peroxide defects forming —OD bonds (Si-O - O-Si + Dy — 2Si — 0-D) [349]. Effort has
been also focused on reducing the photo-induced phenomena in other glasses. For example, elements, such as NbyOs or Sb,O3, were
reported to inhibit the formation of defects in oxide glasses [350]. The electrons released during the radiation treatment of phosphate
glass can be captured by Nb>* ions or Sb** ions avoiding then the formation of defects such as POECs and POHC in large amounts.
Similar reduction in the number of defect-forming during the radiation treatment was observed after adding PbO, or V50s, in phos-
phate glasses or TiOs in silicate glasses [351].

Although efforts have focused on developing chalcogenide glasses with increased photosensitivity, less effort has been focused on
the development of photo-stable chalcogenide glasses. These glasses can have restricted applications due to their photo-response,
which impacts their optical properties. For example, Cu or Pb can be added to tighten the network increasing the photo-resistance
of chalcogenide glasses in As-S, As-Se and Ge-S system which is associated with the disappearance of the changes in the structure
upon irradiation [352]. Very few studies have been focused on optimizing the chalcogenide glass composition to increase their photo-
resistance. Chalcogenide glass with the Ge;gAs3sSess composition was reported as the first ChG glass with negligible photosensitivity
[353] which was related to the mean coordination number (MCN), defined as the sum of the products of the individual abundance
times the valency of the constituent atoms). Su et al. demonstrated that glasses in the Ge-As-Se system with low and high MCN,
meaning with floppy and stressed-rigid phases, respectively, have large photosensitivity whereas the glasses with a MCN between 2.45
and 2.5 are the most photo-stable glasses [354].

Recently, efforts to engineer glass networks to accommodate such structural changes to enhance long term stability have gained
ground. As an example, thermal-electric induced rearrangement has been demonstrated in alkali-doped Ge-Sb-S glasses designed for
thermal-electric poling for gradient index (GRIN) optics. In these studies, demonstrated in both oxide and this chalcogenide glass
system, long-lived (>4yrs) post-poled refractive index changes were demonstrated when the glass network was designed specifically
with excess non-bridging anion sites, that allowed the physical accommodation of the diffusing Na™ ion, preventing its post-poled
relaxation over time [355]. Such a ‘lock and key’ mechanism can be employed if its use does not adversely impact other desirable
optical properties. Fig. 27 illustrates the resulting refractive index profiles possible related to the gradient in alkali content achieved
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Fig. 28. (a) Images of the modification along the waveguide direction, (b) Transmission images of the modification cross-section and (c) 660 nm
transmission near field images of (1) 30.0Zn0O-10.0A1,03-60.0P,0s; (2) 50.0Zn0O-50.0P20s; (3) 55.0Zn0-45.0P2,0s; 4) 60.0Zn0-40.0P50s; (5)
0.7Er203-1.3Yb503-56.0Zn0-42.0P;0s; (6) 0.7Er;03-1.3Yb,03-58.8Zn0-39.2P,05 and (7) 65.0Zn0-35.0P,0s glasses (Reproduced from Ref. [359]
under the terms of the Open Access Publishing Agreement).
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with a patterned electrode. Variation of the structured electrode shape (circles, squares, gratings) can lead to realization of a range of
optical functions in both oxide and non-oxide glasses (micro-lens arrays, gratings, structured high y? media (i.e., for use as splitters in
planar photonics [223]), local variation in surface chemical reactivity), if the post-poled network structure can be stabilized.

Photo-sensitive glasses have been also of great interest for the various applications described in the previous sections. One of the
main goals is thus to develop glasses with increased photo-sensitivity useful for light activated patterning. For example, optical
waveguides were successfully inscribed in fused silica and germanate using different radiation sources, even using femtosecond
infrared signal pulses at 1.5 um [356]. Recently, waveguides with losses as low as 0.2 dB/cm were successfully obtained from Yb>*
doped lead-germanate glass with laser slope efficiency of ~28%, the highest reported in such glass [357]. Waveguides have been also
written in glass in the TeO,-NayO system, one of the first waveguides being reported in 2014 [358]. It is the migration of the Te atoms
towards the irradiated areas which increases the refractive index whereas the Na atoms travels to the tellurium deficient zone leading
to a region with low refractive index. Phosphate glasses usually exhibit a reduction in the refractive index upon irradiation with fs
laser. Fletcher et al. demonstrated that ZnO could be added in phosphate glasses in order to successfully write waveguides in which
light can be confined due to an increase in the refractive index after irradiation (Fig. 28) [359].

Elements such as Ge, B, Pb, Bi, Sn, Ce®>", Eu" can be added into the (silica, germanate, phosphate) glasses to increase their
photosensitivity as, for example, shown in [360]. The photosensitivity can also be tailored by changing the atmosphere used during the
glass preparation. For example, a larger increase in the refractive index was obtained by melting a Bi containing silicate glass in ni-
trogen atmosphere and was related to the incorporation of N in the glass structure [361].

Recently, a novel type of positive refractive index modification following irradiation with femtosecond laser pulses was reported
from phosphate glasses [362]. Silver was added in the phosphate glass so that silver clusters Agk' are formed at the periphery of the
interaction voxel during the laser writing allowing the inscription of the waveguides as illustrated in Fig. 29 a and b.

Using similar technologies, lasers were used to write 3D patterning at the sub-micrometer scale in zinc phosphate glass as shown in
Fig. 30a and b [363].

Electron-beam irradiation, for example, also has been demonstrated as a promising and alternative radiation source to form the Ag
nanoparticles. This approach may allow for the fabrication of nanoplasmonic devices as it allows the precipitation of Ag nanocrystals
in high concentration at the subsurface of the PTR glass [364].

Chalcogenide glasses are highly photo-sensitive especially to visible light exposure. The ability to write waveguides into chalco-
genide has been also demonstrated for years. Recently, 3D structures in AssS3 glass were obtained by combining laser writing and
chemical etching which is used to etch selectively the unexposed glass [365]. Glass patterning can also be obtained by locally
precipitating crystals using radiation treatment. In this process, the laser powers and translation speeds should be optimized to control
the nucleation and growth of the crystals. Numerous studies on the localized precipitation of crystals in oxide glasses can be found in
the literature. For example, laser was used to structure phosphate glasses with lines of KSm(PO3)4 crystals [366] and also nonlinear
optical crystals lines such as p-BaByO4 crystals with c-axis orientation along to the laser scanning direction, LiNbO3 crystals and
LisSiaOs crystals [367], BagTiGeaOg crystals [368], and even active crystals such as Er3+—doped CaF; [369]. However, contrary to the
oxide glasses, very little in this topic has been done on chalcogenide glasses due to different challenges related to the formation of
crystals in chalcogenide glasses as discussed in [370]. Nonetheless, using direct laser writing, single SbSI crystals were found to grow in
chalcogenide glasses [371].

Lasers have also been used to pattern photo-thermo-refractive glasses. The two commercially available PTR glasses are Foturan
(Schott, Germany) and PEG3 (Hoya, Japan). These lithium silicate glasses are prepared with cerium and silver which act as photo-
sensitive agents as discussed in the previous section. As explained earlier, the UV irradiation leads to the photoionization of Ce>* ions
with trapping the photoelectrons by the Ag™ ions which grow into silver nanoparticles during the subsequent thermal treatment. These
Ag nanoparticles act a nucleation agent for the growth of NaF-AgBr phases. Effort has been focused on the development of transparent
PTR, implying the control of the process so that the nanocrystals are small (20-40 nm). Studies demonstrated that it is the UV dosages
that controls the number of nucleation centers whereas the size of the nanocrystals and their volume fraction are controlled by the heat
treatment parameters [372]. For the past decades, effort has been focused on developing new PTR glasses with lasing properties. Aseev
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Fig. 29. (a) Top view of the waveguide under illumination at around 550 nm and (b) refractive index profile. (Reproduced from Ref. [362] under
the terms of the Open Access Publishing Agreement).
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Fig. 30. (a) Single and (b) array of helicoidal patterns with different dimensions. (Reproduced from Ref. [363] with permission from John Wiley
and Sons).

et al. were the first to report PTR glass co-doped with Er’* and Yb®* with similar laser characteristics than the commercially active
phosphate glasses [373]. Few years later, Nd>** doped PTR glass was reported with a wide bandwidth laser action at 1053.9-1063.3 nm
[374]. As the PTR glass contain sodium, waveguides can be developed using ion exchange technology. This process occurs at low
temperature and the refractive index increases due to the replacement of Na* by Ag™ which leads to changes in various properties of
the glass surface layer such as the thermal, structural and optical properties for example. Sgibnev et al. were the first to report ion
exchange process in PTR [375] and few years later, planar waveguides with low losses were demonstrated by exchanging Na™ by Ag™,
K", Rb* or Cs* [376].

Although research and development of new photo-sensitive / photo-resistant glasses have been extremely active for decades, fewer
studies have been conducted to develop novel photochromic glasses. Tungsten based glasses are, by far, the most studied since being
first reported in 1978 [377]. The expansion of the studies into other materials emerged in the beginning of this century with the works
of Poirier et al. [378]. They systematically explored the redox effect in tungsten-based phosphate glasses with respect to different
wavelengths of irradiation and demonstrated, for the first time, the possibility to store data in 1, 2 or 3D arrangements using different
sources of light. The photochromic effect in that case was demonstrated to be reversible by thermal treatment in moderate temper-
atures. Since then, several papers have explored the color changes and fundamental aspects related to this property of tungsten
containing glasses [378,379]. Broader fundamental studies about new photochromic glasses containing tungsten have led to the
combination of many chemical elements, and a review about such glass systems can be found in [380]. The special characteristics of all
these chemical elements arises from the possibility to change their oxidation state under the correct energy of irradiation. During the
glass synthesis the tungsten atoms are intended to be stabilized in their highest oxidation states, Wo". From transition metal chemistry,
it is well known that the color of compounds can be manipulated from changes in the crystal field splitting around the metal when
d electrons are available to promote electronic transitions. Thus, since electrons are present into d orbitals, internal d-d electronic
transitions are expected, and most of them have their maximum absorption in the visible range. To induce the reduction of Wo* cations
towards electronic configurations, such as W>* or W**, selected chemical elements, such as Sb®>* Ce®*, and Sn?*, need to be added to
the glass batches to act as electrons donors, as shown by Stookey [381]. Tungsten oxide or sodium tungstate can be used as raw
materials. However, they lead to different electronic configurations into the glass matrices; while WOg3 presents WOg octahedral units,
itis encountered as tetrahedral WO, units in NayWO,. Structural differences apart, both present d° w®* jons while the reduced ion W>*
has d* configuration. In the reduced ion, d-d transitions are allowed and are manifested by a large absorption band in the visible range,
usually, conferring blue color to the glass. As the WOg octahedral can be influenced by the ligand field, the chemical composition of the
matrix may also induce changes in the tonality of the blue.

While a wide range of advances have been made, there remain multiple challenges and questions that still require further study.
Specifically, how can photo-induced property modification be achieved at will to tailor properties through secondary phase formation
or alternative strategies? Can this be carried out with minimal influence on spectral loss and or induced nonlinearities that are often
undesirable? What is the long-lived stability of such modifications to allow them to be reversible or irreversible, as desired? Is it
possible to exploit such changes to enable new functionality in a glass, regardless of its form (bulk, film or fiber)? Many questions still
remain about the mechanism for the index change under light and for photodarkening. Further improvement in the reduction of the
propagation loss is needed when writing waveguide by optimizing not only the quality of the glass but also the laser parameters used to
inscribe the waveguide. The answers to these questions will enable further advances to enable the use of glass in future component and
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device designs, that are not yet envisioned.

7. Magneto-optical glasses

This section highlights recent developments in magneto optical (MO) glasses. Magneto-optic effects relate to changes in the po-
larization state of light, usually polarization rotation, as it passes through an optical medium in the presence of a magnetic field [269].
Such effects were first observed by Faraday in the middle of the 19th century [382].

7.1. Principle

Magneto-optical (MO) effects, especially in glasses, manifest in two general methodologies: transmission of light through an MO
glass or reflection from its surface. The first transmission is more commonly called “Faraday rotation,” or the “Faraday effect,” while
the second one is the called Kerr magneto-optic effect [383]. In both MO cases, the effects are related to changes in the polarization
state of light. The mathematical development belying such effects will not be explored here. The interested reader can find the theory
in recent reviews and books [269,384,385].

In glasses and glass-ceramics, the Faraday effect is the more explored of the two cases. The Faraday effect can be described by 0 =
V.LB, where, 0f is the rotation angle of the polarized light beam transmitted through a medium in the presence of a magnetic flux
density B. V is the Verdet constant, which depends on the properties of the material, particularly its chemical composition and
magnetic moment, and [ is the propagation length of the light through the material in the presence of the magnetic field. For devices
making use of this property, such as optical isolators, optical modulators, magnetic and electric field sensors, etc., it is important to
obtain high values of 0 since the sensitivity of the device will be proportional to its magnitude. In this sense, the aim of the researchers
is to obtain materials with high Verdet constants.

Inorganic materials, including glasses, can be classified into four main families according to their interactions with a magnetic field:
Ferromagnetic, ferrimagnetic, paramagnetic, and diamagnetic. The two first families present the highest values of V, which can range
from 10% to 10° times higher than those observed for diamagnetic and paramagnetic materials. Despite that, ferrimagnetic and
ferromagnetic materials are not commonly used in MO devices intended for use in the visible to near infrared spectral region, because
they also exhibit high optical absorption levels in the spectral ranges of use. The figure of merit (FOM) defining the utility of a MO
material is FOM = :—:b’ where Agp is the absorption coefficient at a given wavelength, in decibel.

The difference between diamagnetic and paramagnetic systems arises from the presence or absence of unpaired electrons and,
consequently, of magnetic moments. Glasses containing filled orbitals are diamagnetic and present no magnetic moments, whereas
those containing unpaired electrons are paramagnetic, where the unpaired electrons can be aligned in the presence of an external
magnetic field. As described above, the Verdet constant depends on the magnetic moment exhibited by the glass and, as an example,
silicate glasses usually exhibit values between 4 and 27 rad"T~'m~! [385] while Tb>* containing glasses can reach >100 rad"T !'m™!
(both measured at a wavelength of 633 nm) [386]. The appearance of such effects in diamagnetic glasses originates from its high
refractive index associated with large polarizable atoms, such as Pb%*, Bi**, La®", etc. [269].

The number of paramagnetic ions and, consequently, the magnitude of the magnetic moment that can be induced, will dictate how
large the magnetic flux density needs to be to yield the necessary rotation for a given material and interaction length. Transition
metals, such as Mn, Fe, Co, Ni and their related oxides are classic ferromagnet species when doped into crystalline phases. On the other
hand, the presence of these ions in glasses make them only fair paramagnetic materials. From the viewpoint of chemical synthesis, the
way to increase the magnetic moment in paramagnetic glasses is by adding rare earth ions, since these elements possess unfilled inner
electronic shells. It is possible to calculate the magnetic moment and, thus predict the intensity of the magnetic moment by .y =

87\/J(J + 1)pp, where, pg is the Bohr magneton and gy may be calculated from the equationg; =3 + %, where L and S are the

total orbital molecular momentum and total spin angular momentum, respectively and J is the total angular momentum.

Table 8 summarizes magnetic moments calculated or observed experimentally for selected transition metal and rare earth ions. The
experimental values for the transition metals are slightly lower than those calculated because electrons in the outer shell of transition
metals are influenced to a greater extent by neighbor ions leading to crystal field splitting and subsequent quenching the orbital
molecular momentum.

For practical purposes, considering only applications for glasses, the following aspects must be considered to obtain higher 0f
values.

Table 8
Magnetic moments, calculated and obtained experimentally, for selected paramagnetic ions [387].
Element Term Megr /(mp) calc Meyp /(Mp) €Xp
Fe*! °Dy 6.7 5.3
Mn?* 5352 5.92 5.9
ce3* s,y 2.54 2.4
Tb* "Fe 9.72 9.5
Dy>* SHis/2 10.65 10.4
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(1) Refractive index of the matrix: Several studies have shown that glasses with higher refractive indices exhibit larger Verdet
constants, even for diamagnetic materials. Accordingly, heavy metal oxide glasses, based on borogermanates, have been shown to be
best [388] due to their high refractive index associated with the heavy metal ion concentrations. The relationship between the Verdet
constant and the polarizability of the entities present in the glass compositions can be better understand by means of the equation V =

*i'f’:’, where o is the polarizability (in m), I is the ionization energy of the atom, and r is the distance between atoms.
(2) The concentration of the paramagnetic ions: As stated, the number of paramagnetic ions contributes to an increase in the MO
property of glasses. For practical purposes, terbium has been shown to be one of the best candidates to MO devices due to possessing
the highest magnetic moment per ion and a wide transparency range that extends from ~500 to 1600 nm. However, the solubility of
Tb%" or any transition metals or rare earths, is relatively limited [389-391].
(3) The application wavelength: Many devices are idealized to be used at 633 nm or in the near infrared region, such as at 1550 nm
for telecom applications. However, the Verdet constant is higher in the vicinity of the absorption line, increasing from the visible

towards the UV region. The relationship of V as a function of the wavelength is explained by the Van Vleck-Hebb theory and can be

expressed as V1 = & f;g[ (1 _:11_2)’ where, g is the Landé g-factor, c is the velocity of light, h is the Plank constant, y is the magnetic

susceptibility, C; is the probability of effective transition, and A; is the wavelength of the effective transition.
7.2. Typical applications of magneto-optical glasses

Magneto optical glasses are mainly used in non-reciprocal telecommunication devices including Faraday rotators, circulators, or
isolators and for magnetic and electric field sensors.

Faraday rotators, circulators, or isolators: MO glasses prevent back reflection of light into lasers or optical amplifiers and reduce
signal instability and noise. MO glasses are crucial elements to use in high-power controlled laser fusion experiments, for example,
where amplified light is directed against a small target as there is a risk that laser materials or optical components are hit by light back
reflected by the target, so they need to be protected against such a possibility, by an optical isolator. For these applications, tem-
perature insensitivity over a broad temperature range is required. Thus, diamagnetic glasses are commonly chosen as their temper-
ature dependence is much less than that of paramagnetic materials.

MO glasses are used as optical components to allow the light to travel in only one direction (Fig. 31).

The plane of polarization of the linearly polarized laser light is rotated 45° by a magneto-optical glass placed in a magnetic field. If
the same laser light is reflected back through this same path, its plane of polarization is rotated a further 45° when it passes through the
MO glass becoming perpendicular to the polarization of the incident light,

Magnetic and electric field sensors: these sensors are typically made of fiber coil rotating around an electric power cable. The
polarization state of the light propagating in the coiled fiber is rotated due to the Faraday effect generated by the current passing
through the cable, and emitted from the fiber. The light is divided into two orthogonally polarized beams and the rotation of the
polarization angle is converted into intensities of light. Such sensors based on optical fiber present significant advantages compared to
typical electrical sensors. For instance, they show no interference with electromagnetic radiation. Consequently, they can be used in
hostile environments where typical sensors would fail [392]. The magneto-optical sensors can also be envisaged to monitor very low
magnetic fields. For example, the magnetic field of the Earth is in a scale of micro-Tesla, while changes in the magnetic field in the
vicinity of a volcano produced by an imminent eruption can be in the range of few nano-Tesla. Still less intense than such fields, there is
a range called biomagnetic signals, produced by human organs, such as heart and muscles which can extend from few nano-Tesla to
femto-Tesla.

Direction of polarization /

/ Output
polarizer

Reflected
laser beam

Laser
beam

polarizer

Magnetic field, H

polarizer

Fig. 31. Principle of optical isolator using Faraday effect [269].
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7.3. Recent research trends and future directions in magneto-optical glasses

Among the most promising compositions for magneto-optical glasses are borates [393], aluminosilicates and borogermanates
[388,3901, borosilicates [394], gallogermanate [395], phosphates [269], and fluorophosphates [396]. The development of new
glasses exhibiting enhanced magneto-optical properties is largely focused on fundamental properties [397]. Some glasses already
exhibit Verdet constants in excess of the standard TGG crystals (-134 rad'T~''m™! at a wavelength of 633 nm) and can be as high as
—300 rad'T~''m™! [398] for special synthesis conditions and —234 rad"T~''m~! using aerodynamic levitation techniques [399]. For
more conventional techniques, such as melt-quenching Verdet constants range are on the order of —172 rad'T *'m™! for a
borogermanate-phosphate glass containing both TbyO3 and Hos03 [400] and —162 rad'T~''m~! for a borogermanate-silicate glass
combining Tby03 and Dy503 [401]. The highest value reported was —184 rad'T ''m™! [402]. However, Ho®" has several visible
absorptions that may limit applicability. Further increases in Verdet constants without compromising the thermal stability may require
non-conventional glass fabrication methods, such as levitation processing [399].

Transparent glass-ceramics exhibiting magneto-optical properties are not so common in the literature and only few works having
been reported [403-405]. Recently demonstrated are glass-ceramics based on rare earth gallium garnets in complex glass composi-
tions, preserving the transparency in the visible range [406]. As observed for crystalline materials or thin films, magnetic nanoparticles
can be used for magneto-optical applications due to their very high Verdet constants when doped into glasses. As an example,
ferromagnetic nanoparticles of different compositions, including oxides or metals, were incorporated in calcium phosphate glasses
[407-409]. As phosphate glasses are quite known to be very good media to dissolve both oxides and metallic nanoparticles, the
ferromagnetic nanoparticles must be protected before been incorporated into the glasses as in [409]. The monodispersed Fe3 ;04
nanoparticles shown in Fig. 32a were first covered with a SiO shell (Fig. 32b) then mixed with calcium phosphate coacervates prior to
the melting. The transmission window of the phosphate glass was not compromised either by the presence of transition metals, such as
Fe or Co, nor by scattering, due to the small size of the particles. (Fig. 32¢). Using this fabrication technique, both the core and shell of
the nanoparticles are preserved after melting (Fig. 32d and e).

Such process to fabricate hybrids can be employed for a series of different nanoparticles and can take advantage of the very high
Verdet constants of crystalline phases, such as bismuth yttrium iron garnet, BiYFesO;5. The Verdet constant of these magnetic phases
can be employed beyond those available from the paramagnetic glasses, which can be drawn into optical fibers to take advantage of
length.

Current sensors based on glass optical fibers are commercially available, but the high doping required for increased Verdet con-
stants makes single mode operation difficult. Bragg gratings written in the core of the fibers and the construction of complex in-
terferometers systems are alternatives to increase the sensitivity of silica-based fibers [410]. The next generation of magneto-optical
fibers should include the properties described above along the high sensitivity of heavy metal oxide glasses comprising the para-
magnetic ions. In Fig. 33 are shown the preform of a MO borogermanate glass containing high content of Tb®* (a) and the fiber
obtained from it (b). In Fig. 33c is shown the Verdet constant measured for the fiber as a function of the wavelength [386]. The Verdet
constant measured at 1550 nm is about 9.5 rad'T"\'m™!, what is 16 times higher that of the silica multimode fibers at the same
wavelength.

Future exploration includes the development of novel stable glass compositions with higher contents of rare earths and of hybrid
photonic crystal fibers containing magnetic fluid infiltrated nanoholes [411]. Ferromagnetic nanoparticles solutions, which are

Fig. 32. (a) TEM micrographs of Fe3 04 nanoparticles, NP, (b) TEM micrographs of Fez s04@SiOy core-shell NP, (c) Pictures of the pristine
phosphate glass (PG) and the samples containing iron oxide (I0) melted for 15, 45 and 75 min, (d and e) TEM micrographs of sample PG-IO@SiNP
(15) in different scales. (Reproduced from Ref. [409] with permission from Elsevier).
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Fig. 33. (a) Preform of a magneto-optical borogermanate glass, (b) Optical fiber obtained after pulling and (c) the Verdet constant measured for the
fiber, as a function of the wavelength (Reproduced from Ref. [386] with permission from Springer Nature).

commercially available, are injected into the holes of a silica based photonic crystal fiber. The obtained hybrid material can be used to
detect magnetic fields as low as 2 mT with a fast response of 0.1 s using an infrared laser source (976 nm). The interesting approach
here is that the fluid can be changed to achieve more sensitive devices, while the drawback is the fact that such solutions usually
present absorptions in the visible region. The photonic crystal fibers have also limited transmission ranges.

Magneto optical fibers used as optical isolators in applications for high power laser systems actuate to eliminate damaging back-
reflections from different parts into the system. However, high power lasers induce thermal changes in the material causing several
distortions of the optical properties, such as birefringence and nonuniform temperature distribution which leads to changes in the
Verdet constant and decreases the performance of the device. Despite paramagnetic glasses be the most used materials for magneto-
optical devices, they are more susceptible to changes of temperature than diamagnetic glasses, thus the development of high Verdet
diamagnetic fibers is interesting for such application, especially in the blue and UV-regions. Heavy metal oxide glasses, based in highly
polarizable chemical elements, fulfill the requirements needed for this proposal, but for the best of our knowledge, few works have
proposed the use of such glasses and for this reason the interest in research in this field has increased in the last years [412].

8. Optical glass waveguides

Glass waveguides serve a wide array of critical modern technologies since they confine and guide light around sharp bends on, for
example, optoelectronic chips, and over long distances without distortions and with very low loss of intensity such as with optical fiber.

8.1. Principle of light propagation

Most modern applications, further discussed below, employ the physical phenomenon called “total internal reflection” to confine
and propagate light. Total internal reflection was first used to explain rainbows as early as 1300 BCE and more quantitatively and
systematically studied three centuries later. Popularization of total internal reflection was done by Colladon and Babinet in the 1840s
and by Tyndall in the 1850s [413-415]. Total internal reflection relies on exceeding the validity range of Snell’s Law when light is
incident upon a material whose refractive index is higher than that from which it is coming above a critical angle. In such cases, the
light is reflected at the interface, rather than refracted, and suitably cladding the higher index material with a lower index periphery
leads to confinement. The more complete wave-optic description is based on Maxwell’s electromagnetic equations bounded by the
constitutive equations for the materials comprising the waveguide and its geometry (e.g., planar or cylindrical). The solutions to
Maxwell’s equation under the material and geometric constraints of the waveguide represent the propagating modes, which have been
well established for a variety of forms [416-420].

While studies on plastics (organic glasses) dates at least to the 1940s [421,422], the development of inorganic glass waveguides
dates to the seminal work of Kapany in the 1950s [423,424]. The 1960s represent a truly foundational period of optical glass
waveguide development with the realization that appropriately purified glasses could carry light at optical frequencies with suffi-
ciently low loss as to make light-based communications feasible [20]. For the impact of this work, Kao received the 2009 Nobel Prize in
Physics for “groundbreaking achievements concerning the transmission of light in fibers for optical communication.” Concurrent with
these innovations in glass optical fibers were important developments and applications in planar glass integrated optics [425]. The
history of optical glass waveguides is dominated by silica and silicates, given their superior properties to other glass systems at
wavelengths of greatest practical interest. However, as are discussed elsewhere in this Review, other oxides and non-oxides play
important specialty roles, such as for bioactive light-guiding fibers, infrared fiber lasers, etc [426].

While total internal reflection is the most used phenomenon for waveguides, there are numerous other ways to confining and
guiding light. For example, building off “artificial dielectrics” from the 1950s developed for millimeter and microwaves [e.g.,
427,428], and following the work of Purcell [429] in the 1940s to control spontaneous emissions, Yablonovitch [430] and John [431]
separately but contemporaneously created the field of “photonic crystals,” which are engineered periodicities on the order of the
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wavelength of light that create bands of allowed and forbidden energies and polarizations to propagate, not unlike Bragg diffraction of
x-ray by atomic crystals, but for optical wavelengths and applications. Another novel route to waveguiding stems from the work of
Anderson, for which he shared the 1977 Nobel Prize in Physics for work associated with the absence of diffusion in random structures
[432]. Such “Anderson localization” was first realized in a glass optical fiber in 2012 [433], and subsequently shown to enable high
fidelity image transmission.

8.2. Optical glass waveguide fabrication

Structures that confine and guide light are called waveguides. This Section reviews the broad range of fiber and planar waveguide
fabrication approaches and importance considerations of each.

8.2.1. Preform and fiber fabrication processes

The emergence of new uses of optical fibers has always benefited from the development of new manufacturing processes capable of
meeting requirements such as mass production, low cost, specifications relating to transparency, doping with luminescent ions, etc.
The main manufacturing processes currently used are presented in this section.

- Rod-in-tube and Molten core (powder-in-tube, melt-in-tube): In the rod-in-tube process, a core glass rod is inserted into the
cladding glass tube to create the preform. The compositions of the two glasses, as for all the processes, must satisfy two characteristics:
(i) the refractive index of the core glass must be higher than that of the surrounding cladding (assuming total internal reflection as the
guidance mechanism) and (ii) the thermo-mechanical properties of the core rod and cladding tube glasses must be sufficiently close to
co-process via fiber drawing. The core glass typically is obtained by fusion methods (i.e., melting of powders) while the cladding tube is
obtained by casting the glass in a rotating furnace. The quality of the surface of the glasses must be optimal to limit imperfections at the
core/clad interface, which would yield high optical losses. The “Powder-in-Tube” process, now called the molten core method (MCM)
[434], is an alternative to the “Rod-in-Tube” process in which powders are inserted into the cladding tube instead of the glass rod. The
powders are required to melt at a temperature below where the cladding glass tube, sealed at the bottom, draws into fiber. The drawing
parameters must be chosen to eliminate any trapped air bubbles that might occur from incomplete fining of the melted powder core
during the draw.

— Double crucible: two crucibles, surrounded by heating elements, are placed concentrically, and are fed with glass powders,
cullet, or rods. Heating of the crucibles melts the glasses which then flow through a nozzle located at the crucible bottom and directly
forms the fiber. The core / clad ratio is determined primarily by the crucible geometry. To prevent any oxidation or hydration of the
molten glasses, an inert gas is used as ambient atmosphere.

— Chemical vapor deposition: The two processes described above are based on manufacturing glass fiber via melting processes,
which entails risks of contamination by impurities. To overcome this potential problem, new processes were developed in the 1970s
based on the synthesis of silica by chemical means in the vapor phase. This process had been developed within the Corning company in
the early 1940s [435]. This process is based on the oxidation reaction SiCls(liquid) + O2(gas) — SiOo(solid) + 2Cly(gas), making it
possible to obtain SiO2 powders of very high purity benefiting on the one hand to the very high purity of SiCl4 and on the other hand to
its very high vapor pressure compared to possible contaminants such as Fe (main impurity present in fused silica and impacting the
transparency of the glass). The three CVD-derived methods represented in the Fig. 34 are now described.

— Outside vapor deposition: a mixture of reagents (e.g., SiCl4 and Oy) is delivered in gaseous form to an oxygen-hydrogen burner.
Within the flame, oxidation and hydrolysis reactions (e.g., SiCl4 + 2H20 — SiO3 + 4HCI) occur forming the silica soot. The soot,
with a particle diameter of ~100 nm, is deposited on a rotating cylindrical mandrel (“bait rod”; Fig. 34a). The preform is obtained
by translating the target and by using multiple layer-by-layer depositions. The precursors are usually chlorides (SiCls, GeCly4, AlCl3)
or chelates (for rare-earth ions). The porous preform is then removed from the bait to be heated (~1500 °C) to consolidate the soot.
To reduce the presence of hydroxyl groups (and avoid the detrimental absorption band around 1.38 pm), a flow of chlorine is used.
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Fig. 34. Schematic diagrams of the (a) outside vapor deposition (OVD), (b) vapor axial deposition (VAD) and (c) Modified Chemical Vapor
Deposition (MCVD) methods. Dashed areas correspond to soot. Reactants can be SiCly, GeCls, O, etc. Upper part of the VAD method and layer on
the left of the burner in the MCVD method correspond to consolidated soot (i.e., glass bulk or layer).
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The preform is then introduced into a vertical furnace (~2000 °C) to be collapsed (closing of the central hole due to the mandrel)
and then drawn into fiber.

— Vapor axial deposition: compared to the OVD, the core and the cladding of the preform are created at the same time, along the
longitudinal axis of the preform. Two torches are used, one to deposit the core, the other for the cladding; see Fig. 34b. The soot is
delivered onto a rotating silica rod, the translation of which allows vertical formation of the preform. Like OVD, the torches are
supplied with gaseous reactants such as chlorides. On the other hand, VAD makes it possible to obtain a preform without a central
hole. Once the soot has been deposited, the preform passes through a furnace placed in line above to consolidate the soot and to
obtain a clear glass preform.

— Modified chemical vapor deposition: the MCVD process leads to preforms of smaller sizes: typical diameter of the order of one cm for a
length of less than one meter. MCVD is best employed for the fabrication of specialty silica-based fibers, such as those used for fiber
lasers and amplifiers. Compared to OVD and VAD, MCVD relies on the successive deposition of vitreous layers inside a silica tube
(Fig. 34c¢). Precursors, such as chlorides, are delivered inside the silica tube with oxygen as a carrier gas. Through the heat of an
oxygen-hydrogen torch, located under and traversing along the silica tube, the precursors oxidize to form the soot, which is
deposited by thermophoresis inside the rotating tube. Only a few ions (those mentioned before as well as fluorine and boron) can be
added per gaseous phase. All other components, such as rare earth ions or aluminum, are added via the “solution-doping” method
[436]. During this step, the deposited layer is left porous and is soaked in an alcoholic or hydrous solution in which the dopant
chloride salts (e.g., ErCls, AlCls, etc.) are dissolved.

- Stack and draw: The “stack-and-draw” process is used to obtain microstructured and photonic crystal fibers. The guiding of the
light in the core is ensured by the refractive index difference between the cladding which contains a certain proportion of air holes and
the “solid” glass core (microstructured fibers) or the periodic (hence “crystalline™) arrangement of the holes in the cladding around the
core forming a photonic crystal structure, which acts like a mirror because only certain wavelengths can propagate. In a typical
process, silica capillaries are periodically stacked inside a larger cladding tube, with thin glass rods to fill the interstitial holes. The
thickness of the tubes determines the air filling fraction. This first preform is drawn to form a cane (larger diameter “fiber” which
usually is not very flexible). Several canes are usually assembled and redrawn together to form the final fiber with the desired hole
dimensions. The drawing is usually carried out at a lower temperature than conventional fibers, and pressure is applied inside the air
holes to control their sizes and shapes. Other processes have been developed to prepare microstructured fibers such as direct drilling of
glass [437]. Another process consists of casting a chalcogenide glass in a circular silica mold containing silica capillaries whose
arrangement will determine that of the holes in the preform [438].

The next step then consists of fabricating the optical fiber by thermal drawing of this glass preform. The preform is placed in a
furnace (resistive or induction) located at the top of the drawing tower. The temperature of the oven must be higher than the Littleton
temperature (or softening temperature) which corresponds to the temperature at which the preform flows under its own weight; it
corresponds to a viscosity of about 1056 Pa-s. The fiber is coated with one or two layers of photopolymerized resin by an ultraviolet
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Fig. 35. Summary of major fabrication techniques adopted for the manufacturing of glass optical waveguides and glass integrated optical com-
ponents. (Reproduced from [439] under the terms of the Open Access Publishing Agreement).

43



W. Blanc et al. Progress in Materials Science 134 (2023) 101084

(UV) lamp. The first layer (acrylate-type coating) minimizes micro-bending stresses while the second coating has a higher mechanical
modulus to ensure higher physical protection. At the bottom of the tower, the fiber passes through a capstan, which pulls the fiber and
allows the diameter of the fiber to be controlled. The drawing of a fiber corresponds to managing several interconnected parameters
such as the temperature, the drawing tension, the diameter, the speed of descent of the preform and the drawing speed.

8.2.2. Planar waveguide fabrication

Fig. 35 provides a summary overview of the various fabrication processes of glass optical waveguides. A brief description of the
most relevant techniques follows in this sub-section in an order corresponding to the classification shown in the Figure, from left to
right.

— Pulsed laser deposition (PLD): The structural modification process of glassy materials using pulsed laser deposition may be
classified into two phenomenologically different plasma-assisted processes: (a) deposition of ablated materials [440,441], and (b)
surface modification by utilizing the energy of plasma generated via the interaction of short-pulsed laser with the target material. In
the surface modification process, the energy of the plasma promotes the implantation of ions present in the ablated plasma plume
[442], leading to a change in the superficial refractive index. The emergence of high-quality phase-controlled femto-second (10-100 fs,
1 fs = 107%s) pulsed Ti-sapphire and Yb>*-doped crystal lasers have opened opportunities for such sources to precisely ablate low-
dimensional (few nm) to 100 s nm thick films. The effect of the repetition rate of a pulsed laser source on interaction with the
target materials may be understood better using the Planck’s law, in which the energy (E, J) of a laser cavity may be explained by the
Planck’s equation E = n(h9). Here the (h9) term defines the packet energy of photons and n is the number of photon packets. Thus, in a
high repetition rate cavity when (n) is large, the total energy of the laser cavity, E, is distributed amongst the n packets, making each
packet small. Conversely, in a slow repetition rate laser cavity, each packet carries more energy. For ablation of the target material, the
following equations are essential in ascertaining the ablation rate and efficiency, which may be understood by referring to a schematic
of the laser translation process in Fig. 36 [443].

The important process parameters of dimensionless ablation profile (AP), ablation rate (AR, mm3s’1), and ablation efficiency (AE,
mm3J 1) are expressed in Egs. (6)-(8), in which the terms on the left- and right-hand sides are shown in the schematic diagram in
Fig. 36 [443].
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Control of 1-100 MHz repetition rate lasers has created opportunities for the controlled deposition of ablated materials at nano and
sub-nanometer scales over centimeter surface areas for device engineering [444,445]. Another unique difference between low (kHz)
and high (MHz-GHz) repetition rate lasers used for ablation is manifested by the energy imparted per second by the photon packets into
the target material, which then generates a unique ablated volume of matter, characterized by the color of plasma. The length and
color of ablated plasma plume also depends on the electronic absorption edge of the target material and incident photon energy and
wavelength [446-448]. The plasma plume is generated by the incident energy of a pulse laser, as shown in Fig. 37a and b, and depends
on the laser fluence. Only above a threshold fluence, when the incident laser energy exceeds the energy for breaking the chemical
bonds, the ionization process generates electrons and ions in the plasma from the surface of target materials. Since the excited state
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Fig. 36. A schematic representation of pulsed laser ablation with process parameters defined in the inset of the figure. The laser fluence (F) is a

parameter defined by the pulse energy (Ep) divided by the waist area of a Gaussian beam with diameter 20, in mm (Reproduced from Ref. [443]
under the terms of the Open Access Publishing Agreement).
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ions and electrons in plasma are above the chemical bond energy of the target material, the ions and electrons recombine and new
chemical bonds form spontaneously in a sub-picosecond time scale. This recombination of excited states generates a high kinetic
energy plume travelling towards a cold substrate [449,450]. The plume material then condenses and deposits onto a cold substrate by
forming a thin film.

Four essential parameters for controlling the optical quality of the deposited thin films of glassy and crystalline materials are (a)
laser wavelength, fluence and repetition rate, (b) deposition chamber pressure and gas composition, (c) substrate temperature, and (d)
distance between the target and substrate (Fig. 37a). The importance of parametric control during PLD is extensively discussed for thin
film deposition of optical materials in a recently published review [451]. The pulsed laser deposited thin films may vary in phase and
composition, depending on the materials used for ablation. In general, a congruent glass composition maintains its stoichiometry and
congruency after deposition, which may not be the case when dealing with the incongruent compositions (i.e., where a phase does not
melt or vaporize by maintaining it stoichiometric composition). Any departure from congruency may lead to deviation in composition
between the target material and the substrate. Since 1965 [452,453], when pulsed laser source was used for thin-film deposition,
several authors have reported thin glassy films with active RE-ions which were deposited using pulsed laser on inorganic substrates
[447-450,454-456]. The selected target materials were suitably doped silicate, chalcogenides, fluoride, germanate [457,458], and
tellurite-based glasses. Besides selenium and arsenic based chalcogenide glasses, the oxide-chalcogenide composites have been
deposited using PLD [459]. More recently gallium lanthanum sulphide oxide-based glasses have also been used for pulsed laser
ablation for engineering optical quality films [460]. Using PLD, the lead-germanate family of glassy films were investigated by con-
trolling the oxygen partial pressure in the deposition chamber [461,462]. The spectroscopic properties of lithium-aluminum-
phosphate based glassy films doped with Er®*, Pr’*, and Nd®*-ions were investigated for device applications [463]. PLD of ZBLAN
fluoride glass films with Er®* ion doping was formed using ArF-excimer laser, followed by the fs-pulsed laser machining for resonant
cavity engineering using the 980 nm diode laser as a pump source [464]. Using 193 nm laser, the thin films of Er®*-Ce>*-ion doped
phosphate modified tellurite glass film was deposited on Q-dot GaAs pump waveguide for signal amplification in the 1530 nm range.
More than 2.0 dB/cm of internal gain was recorded in the integrated waveguide structure for first time. The waveguide engineering
demonstrated the future of photonic device integration strategy [465]. Glass-polymer superlattice structure was fabricated using
sequential pulsed laser deposition of two materials on a silica substrate for waveguide inscription using an 800 nm Ti-sapphire laser.
The laser-machined waveguide demonstrated strong evidence of photoluminescence for amplification and lasing device engineering
[466].

- Sputtering deposition: The physics and technology of sputtering is quite complex [467-469] but generally employs positively
charged, highly accelerated ions to eject particles - mainly, atomic clusters or neutral atoms - from a target made of the material to be
deposited. The ejected particles impinge on and adhere to a substrate thus creating a dense film, which slowly grows with time. The
structure of the simplest sputtering systems is constituted of a vacuum chamber, including a cathode (on which the target is placed)
and an anode (with the substrate) usually electrically grounded; a low-pressure inert gas (usually argon) is then introduced, so that an
applied voltage creates a glow discharge plasma where the target ejected particles are accelerated. For metal targets it is sufficient to
apply a direct current voltage, but the sputtering of an insulating material (such as a glass) requires an RF discharge (usually at 13.56
MHz frequency) to avoid the accumulation of negative electron charges onto the target. To achieve higher sputtering rates, a
magnetron configuration may be used, with permanent magnets placed below the cathode: the magnetic field coupled with the
sputtering source traps the electrons close to the target surface, decreasing their mean free path in the plasma. Consequently, more ions
are generated by impact with the electrons close to the target and a higher flux of particles is accelerated toward the substrate [469].
Sputtering is a relatively slow process, with deposition rates of the order of a few nm/hr per watt of RF electric power applied to the
electrodes, but the film quality is very high. In typical working conditions, the pressure of the sputtering gas is on the order of 102
mbar, and the electric power is in the range of 200-300 W. Composition and refractive index of sputtered films vary as a function of the
power level and/or the gas pressure at which the deposition is made. When sputtering oxide glasses, there may be a loss of oxygen
caused by the dissociation of glass during the collisions of ions onto the target. This problem may be overcome by introducing oxygen
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Fig. 37. (a) A schematic representation of PLD operation with process parameters needed for control of the quality of deposited thin films. (b)
Photograph of the pulsed laser deposition chamber with excimer lasers on the right.
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into the plasma (reactive sputtering) and/or applying a small potential to the anode (bias sputtering). A thermal annealing process may
also be necessary to reduce optical absorption of the deposited layer. Annealing has the effect of oxidizing the sputtered material and
homogenizing the thin film.

— Chemical vapor deposition (CVD) and CVD-derived processes: in the field of glasses, the CVD method has found its main
application for the production of the high-purity preforms of optical fibers, as described in earlier, but it can also be employed to create
glass thin films. As an example, to produce thin oxide glass layers with SiO2-B203-GeO2 composition reactive gases, such as SiCly, BBrs,
and GeCly being fed into a vacuum chamber along with oxygen as the carrier gas. Homogeneous chemical reactions occur in the vapor
phase before striking the substrate, where they condensate, whereas the gaseous by-products of the reaction are transported out of the
reaction chamber. Typically, the process occurs at temperatures higher than 1200 °C with the vitrification of the soot (small glass
particles formed by the vapor phase reactions) occurring at a temperature around 1700 °C, producing a highly homogeneous film
suitable for waveguiding. A lower-index cladding may also be deposited on top of the guiding layer by repeating the process, but with a
lower flowing rate of GeCly, for example. The waveguides produced by this technique may exhibit propagation loss lower than 0.1 dB/
cm at a wavelength of 632.8 nm (and lower at a wavelength of 1.55 mm). The CVD process is the base of several other fabrication
techniques used to manufacture high-quality, low-loss glass film waveguides and integrated optical devices: they include Flame
Hydrolysis Deposition (FHD) [470,471] plasma enhanced CVD (PECVD) [472], and atmospheric pressure CVD (APCVD) [473]. Among
these techniques, FHD is the most economical for the deposition of SiOs films, using the hydrolysis of SiCl4 in a high temperature Hy-O2
flame. Disadvantages of FHD are represented by the need of a precise control of deposition and stoichiometry and of an additional
process of densification to transform the porous soot into a dense SiO» film [471]. An example of application of PECVD, a technique
that in some cases permits energetic reactions at temperatures as low as 100 °C, is the fabrication of low-loss silica and silica-germanate
waveguides [474]. An interesting application of the hot-wall CVD process under atmospheric pressure (APCVD) was reported by
Huang et al., who deposited germanium sulphide glass thin films on CaF; and Schott N-PSK58 glass substrates [475]. Their channel
waveguides produced by mask photolithography and argon ion-beam etching exhibited propagation losses of 2.1 + 0.3 dB/cm at a
wavelength of 632.8 nm.

- Sol-gel deposition: Sol-gel is a versatile, highly adaptable, and low-cost approach to fabricate, study, and apply innovative
planar photonic structures (see also Section 3.3). The possibility of starting from molecular precursors and elementary building blocks
permits one to tailor structures at the molecular level and to create new materials with enhanced optical properties. Of specific interest
for the study of important physical effects as well as for application in light management are confined structures on the nano-micro
scale as photonic crystal and planar waveguides. Activation by luminescent species and, in particular, by rare earth ions allows for
the use of integrated optics in sensing, biomedical diagnostic, telecommunication, lightning, and photon management.

Sol gel-derived optical waveguides and planar light-wave circuits are a well consolidated research area. In this context a significant
role is played by the binary systems such as silica-hafnia or silica-tin oxide, where the two components determine the final optical,
spectroscopic, and structural properties of the fabricated systems. The first requirement to obtain effective waveguiding structures is to
optimize the sol-gel fabrication protocol and in particular the composition and the kinetics. Two chemical reactions are at the base of
sol-gel approach, namely hydrolysis and polycondensation of molecular inorganic (metal-organic) precursors in typically alcoholic
solutions. Besides simplicity, sol-gel synthesis allows many benefits for films fabrication, such as precise stoichiometry control of
precursor solutions, tailored microstructure, easy composition control, possibility to incorporate various functional groups and
luminescent species, lower annealing temperatures than melting glass processes, simple experimental equipment. This makes sol-gel
method very popular in nanomaterials preparation by spinning, dip-coating or impregnation techniques [53]. However, the sol-gel
approach deserves specific attention in the planar waveguide fabrication processes because of weak bonding, low wear-resistance, and
difficulties in porosity control. The thickness of sol-gel coating is also crucial to avoid cracks in the film. The presence of organic
compounds in thick layers often leads to failure during thermal treatment process. Moreover, the success of sol-gel approach for
waveguide application strongly depends on the substrate, and the thermal expansion coefficient must be accurately considered.
Focusing attention on the waveguide systems, three aspects should be considered: (i) the role of high refractive index material con-
centration on the structural and optical properties of the optical film, (ii) the role of dopant content (for active films) on the lumi-
nescence quantum yield, and (iii) the deposition parameters. The most effective technique to fabricate optical waveguide is dip-coating
on vitreous SiO; or on silica-on-silicon substrates [476]. The starting solution, commonly obtained by mixing tetraethylorthosilicate
(TEOS), ethanol, deionized water and hydrochloric acid as a catalyst, is pre-hydrolyzed. When a luminescent species is added,
attention is paid to obtain the suitable molar concentration and avoid physical and chemical clustering. Using this type of solution,
waveguides are prepared using a well-defined dipping rate. The dipping-annealing cycle is very crucial for the final optical properties,
including propagation losses. Finally, the waveguides are further annealed, and duration and temperature of the process may be
different for each desired waveguide. This thermal process should assure as much elimination of residual OH groups as possible
without nano-scale cracking of the films.

- Ion diffusion: In addition to thin film deposition, another effective route for the fabrication of optical waveguides requires a
spatially selective change of the refractive index (RI), so to create a higher RI (core) layer capable of confining the light. Two major
classes of ion diffusion processes are usually considered for glass waveguides, namely, ones that are low-energy (e.g., ion exchange)
and others at high-energy (e.g., ion implantation). A third route employs direct laser writing technologies, by exploiting either the
photorefractivity of the glass (UV writing) [439] or the physical-chemical structural changes induced by high power density ultrafast
laser pulses (fs writing), discussed in previous subsections.
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— Ion exchange (IE) is based on the substitution of an ion already present in the glass (usually Na*) with another ion (e.g., Ag", K,
Li") supplied from an external source (usually a salt melt). When substituting Na™ ions with K* ions, which have considerably
larger ionic radius, a compressive stress is generated, and this phenomenon was exploited for the strengthening of glass surface
(also sometimes called ion stuffing or chemical strengthening). The suitability of IE technology to produce optical waveguides in
glass has been recognized since the early 1970 s, and both purely thermal and electric field assisted diffusion have been widely
exploited. Some excellent review papers are available, and the reader is referred to them for an overview of the different processes,
models, and fabricated devices [477-479].

— Ion implantation. In this process, a beam of atoms is ionized, accelerated to kinetic energies up to several MeV, and made to impinge
on a material. The implanted ions lose their energy by electronic and nuclear damage. The physics of the process is quite complex
and for more details we can refer the interested reader to one of the many books on the subject [480]. When considering dielectric
materials, implantation is always producing a change in RI, but the sign (increase or decrease of RI) depends on the process and the
material. In most cases, the damage occurs at the end of the ion track inside the substrate, producing a volume expansion with
consequent decrease of physical density and refractive index. An optical barrier is thus created, that permits the confinement of
light in a narrow layer between the substrate’s surface and the barrier. Usually, this confinement is rather weak, allowing the so-
called tunneling effect, with leakage of energy of the propagating beam. The two types of confining structure of ion implanted glass
waveguides are thus labeled as “barrier” and “well + barrier.” The penetration depth profile of the vacancies produced by the ion
beam is generally calculated with the Stopping and Range of lons in Matter (SRIM) code; it matches quite well the experimental
results [481]. A review of ion-implanted waveguides in glass was published by Liu, et al. [482].

8.2.3. Glass optical microcavities

As already mentioned, the confinement of light may be achieved not only in conventional planar waveguides, usually consisting of
a three-layer structure (the substrate, the guiding film, and the upper medium), but also in circular-symmetry structures that support
the so-called whispering gallery mode (WGM) propagation of the electromagnetic field. Spherical optical microcavities are the most
well known guiding structure of this type.

Nowadays, the concept of optical cavity is usually immediately associated with that of laser, since a resonant structure is essential
part of any laser, allowing an extended interaction length between the active medium and the optical field, and therefore the buildup of
the optical power. But the long light circulation may also be exploited to enhance the sensitivity of measurements, and indeed the first,
and simplest, linear optical cavity, made by two parallel mirrors, was invented by Fabry and Pérot in 1899 [483] and has been used as a
high-finesse interferometer in uncountable spectroscopic applications.

The development of photonics has forced the downscaling of optical cavities to micro- and nano-meter sizes, for application as very
narrow-line micro(nano)lasers and as very sensitive micro(nano)sensors. Thus, new geometries have emerged, such as 3D whispering
gallery modes (WGM) resonators and 1D or 2D photonic crystal microcavities, but glasses continue to play a fundamental role also in
this scientific game.

The observation by Lord Rayleigh in early 1900s of a curious acoustic phenomenon, described in his paper entitled The Problem of
the Whispering Gallery [484], eventually led to the development of a new class of optical guided-wave devices, called Whispering-
Gallery Mode (WGM) resonators [485]. WGMs are typically associated with circular-symmetry structures, where light is confined
along the surface due to total internal reflection; examples of such structures, that find diverse applications, from quantum photonics to
biosensing, are microspheres, microbubbles, microbottles, microcylinders, microtubes, microtoroids, microdisks, and microrings.
Typical radius varies in the range from 15 to 200 um.

Glass microspheres constitute the simplest and one of the most effective WGM resonators [486], capable of exhibiting a very-high
quality factor, Q or, put another way, a very narrow resonance linewidth dv, their relationships being Q = v/dv = 2nNg/aA, where v is
the operational frequency, A the corresponding wavelength, N the effective refractive index, and o the loss coefficient, which includes

Fig. 38. Electron micrograph, magnified 1900 times, of a portion of the surface of a microsphere fabricated by melting the tip of a telecom single-
mode optical fiber. No surface defects can be seen.
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both the absorption of the microsphere material and the light scattering at its surface.

The quest for a material with very low absorption coefficient has led to a very effective and simple result, namely exploiting the
ultra-pure silica glass used for the core of optical fibers. Thus, using a single-mode standard telecommunications fiber and melting its
distal end allows one to directly fabricate microspheres with very high Q. In fact, heating the tip of the fiber till to its softening
produces, thanks to the surface tension, an almost perfect microsphere (roundness of equatorial circle > 0.99) with a surface almost
fully free from any defect, as testified by the scanning electron microscope (SEM) image in Fig. 38.

The most common and effective method to produce single silica glass microspheres makes use of the arc discharge generated
between the two metal electrodes in a commercial fiber splicer. By varying the number of arc shots, it is also possible to control the size
of the microsphere [487]. Values of Q as high as 107-10% are routinely achieved, with record values close to the theoretical limit of 101!
[488]. Such ultra-high-quality factors permit extremely narrow resonant linewidth, long decay time and a high energy density,
characteristics that, in turn, may be exploited in cavity-QED experimentation, detection and sensing, frequency stabilization, and
optical filtering functions. The availability of commercial fibers based on As,S3 chalcogenide glass (ChG) has also made possible the
easy fabrication of high-index microspheres with size in the range 80-380 mm, all with Q ~ 108, suitable for mid-IR applications
[489].

Different fabrication methods must be used when other glass compositions or multiple microspheres are wanted. For example,
finely-ground glass may be poured in a vertical cylindrical structure heated by a plasma torch. The glass grains are melted during the
fall, and microspheres of different sizes (corresponding to the size distributions of the grains) are collected at the bottom of the tube.
Sol-gel chemistry may also be used to produce many microspheres (down to nanospheres) with the advantage of material’s very high
purity and of the easy tailoring of the glass composition.

The integration of microspheres in complex integrated photonic circuits is made difficult by their 3D geometry. An interesting
approach to a commercial fabrication of spherical microresonator arrays is to create silica structures on a silicon wafer that can then be
molten into spherical form, the simplest choice being to fabricate silicon posts topped with silica blocks; a controlled heating of the
wafer induces the silica blocks to develop spheroidal curvature while remaining attached to the silicon posts [490]. Fig. 39 provide
SEM images of a microdisk resonator with a radius of 45 pm fabricated in a 300 nm thick GeSbSe film waveguide, thermally evaporated
from GeSbSe glass powder and cladded by a 30 nm thick SiO; film deposited by magnetron sputtering.

The geometry was defined by electron-beam lithography followed by plasma dry etching. The refractive index of the ChG film was
~2.8 at a wavelength of 1550 nm, and a loaded Q factor of ~5 x 10° was measured [491].

Characterization of a WGM microresonator is usually performed by analyzing the light transmitted along an optical fiber which acts
as coupler of the light from a tunable laser diode into the resonator; see Fig. 40. When coupling occurs, the intensity of the transmitted
light presents a well-defined dip at the resonance frequency; the measurement of the central frequency and of the linewidth permits to
calculate the Q of the resonator. The resonance frequency depends on the radius and the refractive index of the resonator; thus, any
environmental change induces a frequency shift, as sketched in Fig. 40.

The extreme sensitivity of the resonator frequency to variations in the environment makes the WGM microspheres very useful for
sensing [492-495]. Examples include temperature sensing (silica and compound glass microspheres have exhibited maximum sensi-
tivity of few pm/K and top resolution equal to a fraction of mK [492]), pressure sensing (luminescent oxyfluoride glass microspheres
achieved groundbreaking levels of relative sensitivity and limit of detection [493]), and outstanding achievements in biosensing [494],
which include the detection of a single virus of influenza A [495]. An interesting solution to the problem of a robust and efficient
coupling structure, which is particularly critical for a microlaser, was proposed recently: an erbium-doped microsphere, with 30-50
um typical diameter, is placed in an open microcavity produced in a standard single-mode optical fiber by fs-laser machining and
fusing slicing technique, in such a way that the microsphere is in contact with the core of the fiber [496]. Even if still challenging, this
approach proves that there is much room for further innovations in the fabrication, processing and photonic applications of glass
microspheres.

8.3. Recent research trends and future directions in optical waveguides

8.3.1. Optical fiber waveguides
The advent of different fiber architectures (core-cladding, microstructured fiber, photonic crystal fiber, etc.), different glasses
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Fig. 39. (a) SEM image of a ChG microdisk resonator, with 45 pm diameter is 45, coupled to an access waveguide. (b) Magnified view of the
waveguide-resonator coupling region. (c) SEM image of the TE mode grating used to couple light to the waveguide from an external fiber.
(Reproduced from Ref. [491] under the terms of the Open Access Publishing Agreement).
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Fig. 40. Simplified outline of the characterization of a microsphere resonator. Light from a tunable laser diode is launched into an optical fiber:
coupling of light into the resonator occurs in the tapered section of the fiber. The light intensity detected at the end of the fiber shows a dip
corresponding to the coupling; this resonance frequency shifts when the resonator senses a change in the environment.

(silica, fluoride, chalcogenide, phosphate, germanate, etc.) and different processes have been the basis for the development of many
useful applications over the last fifty years, such as high-power fiber lasers, fiber amplifiers, and fiber sensor, to name just a few. The
remainder of this Section illustrates these most significant developments with a few examples.

Ultra low loss fibers: Improving the transparency of optical fibers has always been a leitmotiv through the continual improvement
of materials and the development of optimized manufacturing processes. In 1966, when Kao and Hockham [415] set the transparency
goal of 20 dB/km (1% of light transmitted after 1 km) as the critical threshold for optical fibers to be of interest for telecommuni-
cations, they had no idea that in about ten years this threshold will be pulverized to reach an attenuation of 0.2 dB/km (1% of light
transmitted after 100 km), courtesy of the emergence of CVD processes described in Section 8.2. These low loss fibers were obtained by
successively eliminating the presence of impurities, such as iron and, then, hydroxyl radicals. At a wavelength of 1550 nm, the point of
minimum spectral attenuation, the optical losses are mostly related to Rayleigh scattering caused by density and composition fluc-
tuations in the Ge-doped silica core. This density variation can be characterized by measuring the fictive temperature, Ty, which
corresponds to the temperature at which the structure of the glass is the same as that of the supercooled liquid. This fictive temperature
therefore depends on the variation in viscosity as a function of the cooling rate. Reducing the drawing temperature, the drawing speed,
or the addition of annealing during the draw process, thus make it possible to reduce the quenching rate and, therefore, to reduce T¢. A
significant improvement in Tt was also obtained by modifying the core composition. For example, a 110 K decrease in Tt was obtained
in a fiber with a silica core (slightly F-doped) surrounded by an F-doped cladding, resulting in an attenuation of 0.14 dB/km [497]. If
this improvement may seem limited compared to the gain achieved in the 1970s, this research is motivated by the improvement made
to long-distance submarine transmission. Indeed, with an optical loss of 0.2 dB/km, an optical amplifier (EDFA) must be placed every
80 km. A transatlantic link therefore requires a hundred repeaters. An attenuation of 0.14 dB/km would reduce the number of re-
peaters by 7%, which would have a significant impact on the reliability, cost and power consumption of a submarine link. Up to now,
the low-loss fibers were mainly driven by the solid-core silica-based fiber. However, recent progress in the hollow core fiber fabrication
allows to reach a highly competitive 0.174 dB/km in the C-band and 0.22 dB/km in the O-band, better than conventional silica fiber
[498]. Moreover, as light is propagating in the air, such fibers would allow a lower latency data transmission by 30% [499]. Another
alternative would be glass fluoride. Indeed, although fluoride fibers are theoretically ten times more transparent than silica-based
fibers, in practice they remain ten times less transparent. However, the recent drawing of fluoride fiber (ZBLAN) in micro-gravity
made it possible to achieve a transparency very close to that expected theoretically, i.e., 0.01 dB/km at 2 um [500]. The produc-
tion of such fibers over very long lengths could therefore have the potential to ensure a transatlantic link with only a few repeaters.

Nanoparticles in optical fibers: Nanoparticles in optical fibers were initially introduced to obtain novel luminescence properties
of rare earth ions or transition metals ions. By encapsulating the luminescent ions within the nanoparticles, it is possible to combine the
luminescence properties dependent on the characteristics of the nanoparticles (composition, structure) while keeping a silica-based
fiber and its advantages (e.g., low cost, reliability, numerous manufacturing processes, etc.). However, the presence of nano-
particles in the core of the optical fiber imposes a strong constraint: Rayleigh or Mie light scattering impacting the transparency of
optical fibers. Indeed, the title of the first article discussing this new generation of optical fiber speaks for itself: “Are low-loss
glass—ceramic optical waveguides possible?” [501]. As the targeted applications for such fibers do not concern telecom fibers but
instead are directed towards fiber-based lasers and sensors, the ultra-low attenuation constraint (as discussed in the previous section)
can be relaxed. From then on, it had been identified that the nanoparticles had to satisfy certain characteristics including a size of ~15
nm and a low refractive index difference between the nanoparticles and the glass host. To grow crystalline nanoparticles, the most
widely used process consists of applying a heat treatment to the fiber by analogy with glass—ceramic processes. The control of the
temperature ramp makes it possible to control the nucleation and the growth (i.e., the radius) of the nanoparticles. However, this post
heat treatment can bring disadvantages since it requires handling the fiber (remove the coating before heating step then recoating it,
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limited fiber length, potential mechanical embrittlement).

Amorphous nanoparticles were obtained directly by drawing a prepared MCVD preform [502]. During solution doping step, ions
such as alkaline earths ions (e.g., Mg, Ca) or La>* are introduced and initiate particle formation via phase separation mechanisms. The
in-depth study of these fibers has yielded very original results. It was first demonstrated that the composition of amorphous phase-
separated particles varies according to their sizes with an enrichment in Mg [503]. It follows that the smallest particles (with a
composition very close to that of silica) are of little interest with respect to the modifications of the luminescence properties. A
compromise must therefore be found for the size: small to minimize optical losses, large to obtain a composition modification of
interest for the luminescence properties. The study of these fibers has shown that the particles elongate or even fragment during
drawing [504]. An engineering of the characteristics (size and shape) of the nanoparticles is therefore possible by controlling the
drawing parameters (temperature, drawing speed); see Fig. 41a. This could be assimilated to a “top-down” process as mother particles
in the preform can lead to small daughter particles in the fiber. Very recently, optical scattering induced by nanoparticles has been used
to develop new fiber sensors based on the analysis of the backscattered light using Optical Backscatter Reflectometry or the comparison
between transmitted and reflected intensity of light [505]. Such sensors can be applied to measure in real time temperatures,
biochemical environments, mechanical stresses then 3D deformation measurements, see Fig. 41b and ¢, and detection of ionizing
radiation.

Semiconductor core optical fiber: Another topic that has received considerable recent attention is the development of glass-clad
optical fibers with crystalline semiconductor cores [506]. Such fibers marry the benefits of light guidance in optical fiber with the
infrared, terahertz, and nonlinear excellence of semiconductor materials. Glass-clad semiconductors were first fabricated using a high-
pressure chemical vapor deposition (HP-CVD) method [507] but, today, are made globally using the molten core method (MCM)
described above. A summary of these two primary approaches can be found in Refs. [508-510]. Materially, both amorphous and
crystalline semiconductor core fibers can be made using HP-CVD whereas the MCM can only yield crystalline cores. As used here,
“crystalline” refers to the local structure of the semiconductor. In all cases, over sufficient fiber axial position, the cores are poly-
crystalline as small perturbations in growth (HP-CVD) or solidification (MCM) lead to new crystalline grains forming.

These two processes have been employed to yield a remarkably broad range of glass-clad semiconductor core phases including:
silicon (amorphous, crystalline, and hydrogen-doped [511-513]), germanium (amorphous and crystalline [514,515]), sili-
con-germanium alloys [516-518], indium antimonide [519], gallium antimonide [520], zinc selenide [521,522], gallium arsenide
[523], to name just a few. The underlying materials science and phase equilibria for fiber core phases of interest to optics, opto-
electronics, and thermoelectrics was recently reviewed [524]. The advent and subsequent optimization of post-fiber fabrication laser
annealing and recrystallization treatments has led to marked reductions in loss, improvements in linear and nonlinear performance,
tapering to single mode core sizes, and the formation of controlled in-fiber compositional gradients and microstructures [525-532].
Over the past 10 years, semiconductor core fibers have evolved from more exploratory research efforts through fiber optimization and,
now, to devices of interest to a range of applications. These include photoconductive fiber antennae [533], passive and Kerr nonlinear
microresonators and switches [534,535], light sources based on nonlinear processes (e.g., Raman, supercontinuum generation, FWM
and parametric gain [536-541]), in-fiber radial junction and microwire solar cells [542,543], low-loss nanospike fiber couplers to
telecom fiber [544], fiber Bragg gratings strain and temperature sensors [545], THz transmission and modulation [546,547], and
frequency combs [548].
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Fig. 41. (a) SEM images of the longitudinal cross-sections of fibers containing La-silicate nanoparticles (white features in images) drawn at two
temperatures from the same preform. (b,c) Examples of applications using backscattering properties of optical fibers containing nanoparticles: (b)
3D temperature mapping, (c) evolution of a needle bending during an epidural insertion (Reproduced from Ref. [505] with permission from The
Optical Society].
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3D printing of preforms: The additive manufacturing or 3D printing technology has attracted a lot of attention over the last
decade thanks to its opportunity for fast prototyping and manufacturing of customizable structures. This technology was first used for
polymeric, metallic, and ceramic materials, before only recently gaining momentum for glass. In 2017, a team at Karlsruhe Institute of
Technology (KIT) developed a stereolithography process [549]. High spatial resolution (~10 pm) was obtained thanks to the mixing of
glass nanoparticles (SiO5) and photocurable monomers (mainly hydroxyethylmethacrylate (HEMA) monomers) with a refractive index
close to that of glass, limiting light scattering issue which could be detrimental for spatial resolution. In this process, UV irradiation
leads to the formation of a polymerized composite, which gives a fused silica glass after debinding (600 °C) and sintering (1300 °C)
stages to remove all the organic parts and to collapse the porosity. This process makes it possible to overcome the problems of high
temperature necessary to lower the viscosity of the silica to make it flow as in the Fused Deposition Modeling (FDM) process. The
customization possibilities offered by 3D printing techniques open new perspectives for the manufacture of optical fibers. The first
achievement dates from 2015 and was obtained by the group of John Canning [550]. A microstructured polymer preform was prepared
using the FDM process. This same group prepared the first preform based on silica glass in 2019 using the Digital Light Processing
(DLP) process (Fig. 42) [551]. This preform was then drawn into optical fiber using the classic drawing process but at a slightly lower
temperature (1855 °C) to remove air, water, and residual polymer gradually. The optical loss of this first 3D fiber is high (~5.5 dB/m at
1550 nm) but there is room for improvement to reduce this attenuation, in particular by improving the optical quality of the preform
via the sintering step to eliminate the residual porosity or waveguide structure defects (core geometry for example). The selective laser
sintering process (SLS) was used to prepare preforms with more complex geometries such as photonic crystal fiber and antiresonant
fibers; see Fig. 42b and ¢ [552]. These processes open the door to new perspectives, in particular for the production of new geometries
(e.g., non-circular fiber, non-symmetrical geometries, concentration gradient, etc.) that are difficult to achieve using standard
processes.

While there is no doubt that the development of future optical fiber devices (lasers, amplifiers, sensors, etc.) will be based on the
processes and trends described in the previous sections [553], the next few years will see too an increase in the coupling between
optical fibers and Artificial Intelligence (AI) methods in at least two aspects. A first aspect will concern the management of information
generated by optical fibers, to control telecommunications networks [554], to analyze the light propagation [555], or to manage data
from sensors [556], to name a few examples. A second aspect will concern fiber design assistance (material, geometry, etc.) [557,558].
Exotic geometries designed by the Al methods will take advantage of the recent advent of 3D printing techniques for glass. It paves the
way for brand new class of fibers. In the context of global warming, it is important to consider optical fiber and sustainability.

8.3.2. Planar waveguides

There are numerous challenges before achieving real breakthroughs in glass planar photonics; the quest for new compositions (and
corresponding technologies) to ensure all the desired features and to develop novel material platforms for different photonic appli-
cations and the continuous advances in high-performance telecommunications and data transfer services, including the practical
application of the Internet of Things technology,which lead to a growing demand of photonic circuits characterized by low loss, high
integration density and high tunability.

Glass-ceramic waveguides: For waveguide application, it is important that the glass-ceramic must have good transparency,
which implies means low optical scattering and absorption. As explained well in Quandt et al. [559] and also mentioned previously, a
low scattering level in a glass—ceramic can be obtained in two ways: (i) both crystalline phases and glass matrix have closely matched
refractive index and microcrystals are characterized by low birefringence, and (ii) the crystallite size is much smaller than the
wavelength of light. All the effective systems fulfil this second requirement, being constituted by materials with different refractive
index and appropriately sized.

There are two main processes that are employed to fabricate transparent glass-ceramics active planar waveguides by sol-gel. One is
a “bottom-up” procedure consisting of separately preparing the nanocrystals and them imbedding them in the matrix. The drawback is
that when the nanocrystals are imbedded in the host the thermal treatment, necessary to consolidate the structure, can modify the
nanocrystal composition and, under some conditions, induce their melting, as observed also in the case of glass—ceramic fiber drawing.
One of the first examples of successful bottom-up approach is the fabrication of hybrid organic-inorganic waveguides reported by
Ribeiro et al. [560], who reported on waveguides obtained by doping 3-glycidoxipropil) trimethoxisilane (GPTS) with 4 nm hafnia
nanocrystals. A transparent colloidal sol was prepared by refluxing for 2 h an ethanolic hafnium oxychloride solution. A second so-
lution was prepared diluting GPTS with butanol in a volume ratio 1:0.5 and prehydrolyzed with HCL. After vigorous stirring overnight
at room temperature the sol containing hafnium nanocrystals was added. In 2007, Jestin et al. [561] reported on the fabrication of Er>*
doped SiO,-HfO,, glass-ceramics by a “top-down” approach, simply adding a further heat treatment at 1000 °C for 30 min to nucleate
HfO, nanocrystals inside the previously deposited amorphous waveguide. The result was promising for integrated optics application.
Based on the single exponential decay profiles obtained for the compositions with 20% and 30% HfO,, doped with 0.3% Er>*, one can
assume a complete embedding of rare earth ions in the crystalline phase. The most common method for transparent glass-ceramics
waveguides is the consolidated top-down procedure allowing to optimize the thermal protocol to nucleate the nanocrystals as well
as the composition. Very effective results have been obtained with this technique as reported in Refs. [562-564]. The fabricated SnO2 —
based glass—ceramic systems exhibit low losses, high luminescence quantum yield and photorefractivity. However, the targeted
objective of that work was to combine greater functionality into the same platform. SiOy-based glass-ceramics waveguides have
recently demonstrated to be an excellent system for this aim. In fact, some recent papers have clearly demonstrated that photonic glass-
ceramics activated by SnO5 nanocrystals exhibit two strategic and powerful characteristics: (a) high luminescence quantum yield,
thanks to the role of the nanocrystals as luminescence sensitizing and (b) important change in the refractive index due to the tin dioxide
photorefractivity [565,566]. Zur et al., too, demonstrated the important role of tin dioxide nanocrystals as luminescence sensitizers
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(a)

Fig. 42. (a) Cross-section of a 3D printed multimode fiber (Reproduced from Ref. [551] with permission from Optica) (b) Antiresonant fiber
preform and (c) photonic crystal fiber preform prepared by SLS (Reproduced from Ref. [552] with permission from SPIE).

[567].

The role of SnO, nanocrystals is evident in Fig. 43, which shows the excitation spectrum of a Er>*-activated silica-tin dioxide glass-
ceramics waveguide, monitored by the 1530 nm Er®" emission. A more intense emission from the Er®" metastable state 4113/2 is
achieved by indirect pumping, i.e., by excitation at the SnO bandgap. A much lower emission intensity of Er>" at 1.5 um is obtained
when the sample is irradiated under the direct excitation. Further, the emission spectra of Er>" under two excitation schemes, (i) UV
SnO, bandgap excitation and (ii) direct excitation to the Er®* %Hp; ,2 level, are shown. Under the indirect UV excitation (Aex = 306 nm)
into the SnO; bandgap, the s /2 . /2 emission spectrum exhibits Stark splitting and narrow peaks which puts in evidence the Er’t
ions location in crystalline environment. On the contrary, the *I;3/2 — *I;5/2 photoluminescence spectra obtained by directly exciting
the 2H11 ,2 level of the Er®" ions exhibit a broad band typical of the Er’" ions embedded in the glass matrix [565].

The photorefractivity of SiO5-SnO:Er®" glass—ceramic planar waveguides was clearly demonstrated in Ref. [565]. Under UV
irradiation at 248 nm, a fast photorefractive response was achieved, leading to a negative effective refractive index change in the order
of 103, Fig. 44 shows the effective refractive index change of the fundamental 1550 nm TE(y mode of the 708i02-30Sn02:0.5Er>*
planar waveguide as a function of the cumulative irradiation dose.

Fig. 45 shows a grating formed with 5 um pitch raster pattern over 4 x 4 mm? on a 70Si02-30S102:0.5Er>" planar waveguide,
fabricated by a CW frequency doubled argon laser (A = 244 nm). Moreover, a comparison with the gratings fabrication on hydrogen
loaded germanium doped silica glasses [565] shows that the energy density, required to achieve a similar change in the refractive
index, is one order of magnitude greater than for the SnO»-based glass-ceramic waveguides [568]. It is evident that this material
system paves the way to the fabrication of sol-gel based photonic devices where the direct UV writing overcomes the drawbacks
related to the reactive ion etching method as well as to the micromachining technique. SiO2-SnO; glass-ceramics activated by rare-
earth ions appear to be a promising system for constructing active optical integrated components.

As exhaustively discussed in the Special Issue of Elsevier’s journal Optical Materials entitled “Flexible Photonics: a multidisciplinary
tool enabling sustainable development” [569], the objective of this topic, as already achieved for electronics, is the integration of
passive and active photonic devices on flexible substrates for a broad spectrum of application ranging from optical interconnection to
sensors for civil infrastructure and environments, to coherent and uncoherent light sources and functionalized coatings for integration
on biological tissue. Flexible planar integrated photonic structures, such as gratings, channel waveguides but also solar cells and
protective coatings, offer unique performance characteristics compared to their rigid classical counterparts. In a recent paper, for
example, Tran et al. [570] report on rare-earth doped SnO, photoluminescent thin films deposited by sol-gel technology on ultrathin
glass (AS 87-eco Schott) flexible substrates. The main significant outcomes of this work can be summarized as follows: (a) a reliable
sol-gel fabrication protocol for coating flexible glass substrate is developed, (b) the films are not damaged after several bending circles.

300 400 500 600 700 800 900 1000
Excitation wavelength (nm)

—_

= a) hom= 1530 nm =

EREE 103

[y | 0,8 2

= 0,8 [

g J SnO, bandgap 0,6 %
excitation £

= 0,64 F0.4 5

=

£ i o2 &

£ 054 -

&z - T T T T Y5

= 1450 1500 1550 1600 z

£ 031 'y N

o *Gn 1172 Emission wavelength (nm)

= r

£ 0,2 1 4 °F i ’F, 4

= oy | 72 912 L1

E g0 \

g o0 Le—r———"r+—7—+1TT1FT7—

=

z

Fig. 43. (a) Excitation spectrum monitored at emission Aep, = 1530 nm of Er®* and (b) emission spectra under two excitation schemes: (i) UV SnO,
bandgap excitation at 306 nm and (ii) direct excitation to an Er’* electronic state 2H1 » at 522 nm using Edinburgh FLS980 spectrofluorometer of
the 705i0,-30Sn0,:0.5Er>* planar waveguide. (Reproduced from [565] with permission from Elsevier).
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Fig. 44. Effective refractive index changes on 1550 nm TE, mode supported by the 70Si0,-30Sn0,:0.5Er>" planar waveguide as a function of
cumulative dose. The inset image is the shift to the lower index values of the 1550 nm TE, mode after the two UV cumulative doses: 0.003 kJ/cm?
(the 1st UV irradiation) and 0.3 kJ/cm? (the 10th UV irradiation). (Reproduced from [565] under the terms of the Open Access Publish-
ing Agreement).

Fig. 45. Optical gratings fabricated by a CW frequency doubled argon laser A = 244 nm with a writing fluence of 1.0 kJ/cm? on a 4x4 mm? area of
the 708i05-305n0,:0.5Er>" glass—ceramic planar waveguide. One can see the colors due to the interference patterns scattering from the gratings
based on the Bragg law. (Reproduced from [565] under the terms of the Open Access Publishing Agreement).

Bending test was performed using a homemade 3-point bending setup with span (AL) set at 30 mm shown in Fig. 46.

Based on these recent results, an important increase in sol-gel photonic research is expected to successfully lead to innovative
fabrication protocols where photorefractivity, luminescence enhancement and mechanical flexibility can be exploited.

Integration density of on-chip glasses: Efforts have been directed towards a deeper study of femtosecond laser direct writing
(FLDW) processes, which offers the capability of 3D structuring inside transparent glasses with a limited effect on the propagation
losses. Recent reviews present active and passive devices fs-written in both glass and crystal materials [571,572]. Fig. 47 summarizes
the processing items of the waveguide fabrication by ultrafast laser direct writing (ULDW), the key parameters, and examples of
application areas [564]. Whereas many results in the literature refer to phosphate glasses, a very recent paper focuses on direct writing
of channel waveguides in Er®" aluminosilicate glass and reports a minimum propagation loss of about 1.51 dB/cm at a wavelength of
1.5 um, claiming great potential to create active gain devices for application in integrated photonics and all-optical communication
[573].

Direct fs-laser writing of channel waveguides has also been very important for chalcogenide glasses, to avoid the waveguide walls’
scattering losses resulting from the chemical or physical etching process. Recent investigations aimed at exploring the laser-induced
damage thresholds of Gagp gAsa9.2Sb10Se0 glasses with various doping levels of Tm?* rare earth ions and the effects of such a damage on
the glass’ luminescence properties [574]. Tm>* doping considerably decreased the laser-induced damage, from about 3400 to 1900
mJ/em?, when the Tm®" concentration was increased from 0 to 5000 ppm by weight (ppmw). Moreover, despite the existence of a
damage, the luminescence properties were barely affected. In-glass optical elements offer many advantages for prototype stability and
lifetime, but also in terms of complexity and variety of possible applications, due to the flexible 3D design. Chalcogenide glasses, in

53



W. Blanc et al. Progress in Materials Science 134 (2023) 101084

Fig. 46. Maximum deflection during the bending test for: (a) untreated ultrathin AS 87 eco Schott glass; (b) ultrathin AS 87 eco Schott glass heat-
treated at 500 °C for 4 h; (c) ultrathin AS 87 eco Schott glass coated with Sn0,:Yb3" (1.67 mol%) sol gel film and heat-treated at 500 °C for 4 h; and
(d) the representation of the approximate determination of the radius of curvature for bent samples. (Reproduced from Ref. [570] with permission
from Elsevier).
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Fig. 47. Overview of the key mechanisms for reducing losses of waveguides produced by ultrafast laser direct writing (ULDW) in glass substrates. A
few application areas are also indicated. (Reproduced from Ref. [564] under the terms of the Open Access Publishing Agreement).
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particular, offer high-index contrast and operation in infrared and mid-infrared wavelength range, with relevant applications in
sensing and imaging. D’Amico et al. showed efficient signal extraction from the transported light for large-mode-area light transport
and extraction in sulfur-based chalcogenide mid-infrared glasses [575]. As an example, that work demonstrated a near-IR saturable
absorber 3D concept based on ultrafast laser-fabricated coupled waveguide arrays, suitable for IR ultrashort laser pulses at a low,
kilowatt threshold. Another noteworthy example of application of fs-laser writing technology in chalcogenide glass is represented by
the implementation of optical waveguides that can work as all-optical neuromorphic units: the results prove the potential for large-
scale single-step fabrication of fully integrated photonic chips based on cognitive principles [576]. Fig. 48 shows the experimental
arrangement used to emulate in the chip the function of the biological synapse. By using proper modulation rate and intensity, this
system constitutes a proof of concept that optical waveguides may well mimic the excitatory and inhibitory spiking activities typical of
biologic neuronal systems [576].

Recently, an increasing interest has been addressed to the fs-laser writing of optical waveguides in silver-containing glasses
[335,362,577-579]. It is well known that the presence of silver in glass may confer enhanced functionalities, making the material
suitable for the fabrication of photosensitive layers, ion selective electrodes, ion conductors and anti-reflecting coatings, not to
mention its application among bioactive glasses. A train of fs-laser pulses in Ag-doped phosphate glasses allows both local second- and
third-harmonic generations (SHG and THG) [579] and that Ag multimers in Tb-Yb co-doped SiO,-ZrO»-NayO films can provide an
efficient optical sensitizing effect for rare earth ions, leading to a broadband enhanced excitation, with a great potential technological
impact on the development of light emitting devices and solar cells [580].

Referring to the refractive index change An created by fs-laser pulses, such change is usually classified into three distinct types
(Types 1, 2, or 3), depending on the laser parameters used: Type 1 corresponds to a smooth change in the refractive index (and is
therefore generally preferred for the direct writing of waveguides and photonic components), Type 2 refers to the generation of
negative An and noticeable birefringence, and Type 3 can be attributed to voids. Ag-containing glasses (and, particularly, a silver
containing zinc phosphate glass) can exhibit a new type of refractive index change, namely type A (where A stays for Argentum). As
reported in [362], Type A requires much lower laser fluence compared to other An change types and is due to the formation of
fluorescent silver clusters distributed around the laser-glass interaction voxel and that act as an extrinsic agent. Fig. 49 schematically
presents the irradiation process and the morphology of the resulting structure.

As detailed in Ref. [362], to proof the suitability of the new material/irradiation technique for the development of integrated
optical circuits, 7-mm long single-mode waveguides were inscribed, with an overall propagation loss of 1.2 dB/cm at a wavelength of
630 nm, this value being the upper bound, estimated considering the simulated mismatch, Fresnel losses of 0.43 dB (n = 1.59) and the
measured insertion losses of the waveguide. Fig. 50a-d present the scheme of a 50:50 beam splitter, its photoluminescence profile, and
the intensity profiles of the output modes. The waveguides were written using a 9 TW/cm? fluence and a 60 pm/s translation speed.

Another important advance was recently achieved by Tsimvrakidis et al., who used an AgPOs silver metaphosphate glasses and
demonstrated the capability of laser writing buried waveguides as well as erasing and re-writing them by means of a single femto-
second laser source [578]. This non-ablative phenomenon relies on the local relaxation of the glass network caused by the heat
deposited upon pulsed laser irradiation. Before that work, the possibility of erasing a fs-written structure had already been demon-
strated but only by using thermal annealing, and often with some limitations; for instance, Hughes et al. fs-laser wrote waveguides in
Ni-doped Li;0-Gap03-SiO glass and glass—ceramic (GC), which could be erased when the glass is annealed to form a GC. However,
once the GC is formed, the waveguides could not be erased any more by annealing [581]. On the contrary, according to the new
findings, photonic applications can be envisaged which involve infinite cycles of write/erase/re-write processes without the need of
intermediate thermal annealing steps. Fig. 51 shows a write/erase/re-write cycle with the photographic and electron micrographs of
the waveguides.
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Fig. 51. Photographic images (and corresponding cross-section SEM images) of the waveguiding effect of laser-inscribed lines. The process pa-
rameters for initial fabrication (left), erasing (middle) and re-writing are indicated. All the images correspond to a same glass spot. (Reproduced
from Ref. [578] under the terms of the Open Access Publishing Agreement).

Among photonic applications, two areas remain of great importance where glass, too, may play an important role: optical
amplification and lasing (for telecommunications and sensing), and nonlinear optics (NLO, for wavelength conversion, all-optical
switching, etc.). A material suitable for both the application areas would be extremely attractive, and new host structures based on
heavy metals have been thoroughly investigated [582,583]. Novel inorganic NLO materials are being explored, which include fluoro-
oxoborates and fluorophosphates for deep-UV region, various oxide-based metal compounds for UV and Vis-NIR bands, and metal
chalcogenides and metal halides for mid-IR region. A review of applications of heavy metal oxides and their compositional glasses,
together with their applications in optoelectronics and biomedicine, has been the subject of a recently published book [584]. When
channel waveguide fabrication in these materials is concerned, some problems may arise during the etching process used to define the
waveguide sidewalls, due to metals’ presence. An interesting solution to overcome the problem has been suggested, which adopts a
pedestal waveguide structure [585]. As represented in Fig. 52a, the pedestal is first defined by reactive ion etching on the lower
cladding layer, which may be thermally grown SiO2 on top of a Si wafer. After mask removal, the core layer (e.g., silicon oxide,
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(b)

Fig. 52. Fabrication of a pedestal waveguide. (a) Etching of the lower cladding (blue). (b) Deposition of the core material (green). In the (b) image
some parts of the film that composes the core were removed for clarity. (Reproduced from Ref. [586] with permission from Elsevier). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

aluminum nitride, tellurite or germanate glass) is deposited (Fig. 52b). As an example of application, in Yb3*/Er®t co-doped
TeO2-WO3-BipO3 pedestal waveguides 20 pm wide, a gain of 3.7 dB/cm was achieved at a wavelength of 1530 nm, under 980 nm
excitation [586].

As to the future prospects for integration of waveguide integrated circuits using ultrafast laser processing, the laser-induced
structural changes on the glass surface are dependent on the incident average pulse energy (or power) and pulse duration
[441,442,453]. Typically, for materials ablation, the average pulse energy is larger than that required for refractive index modification
on surface or subsurface of a glass. The dynamics of ablation induced machining of transparent materials involves the following steps
occurring in three different temporal regimes: carrier excitation; (i) carrier excitation via multiphoton absorption (in sub-pico < 10-
100sps), (ii) avalanche ionization (100sps to sub ns), thermalization during relaxation (iii) carrier-carrier scattering in sub pico second,
(iv) carrier-phonon scattering during recombination, and thermal relaxation leading to structural changes (v) shock-wave emission,
(vi) thermal diffusion, and finally (vii) condensation or cooling leading to a metastable structure [585]. The incident laser cuts
simultaneously the layers of materials [466], which is not feasible in the standard wet and dry etching processes. For laser machining,
the control of beam polarization and spot size are the two most important parameters for achieving good surface and edge finish.

The waveguide inscription or writing by modifying the sub-surface refractive index in the glass requires average pulse energies in
the 10 s-100 pJ, so that the structural changes are highly localized by controlling the polarized beam diameter. In this process, the
control of beam polarization also plays an important role because of the coupling of the electric field in laser with electrostatic field in
materials. Depending on the type of glassy materials used, the apparent change in the refractive index may arise via a combination of
relaxation: expansion-compression because the shock-wave generation and localized thermal event and rapid relaxation induces a
confined density segregation. In certain glasses in which the photo-sensitive ions are present, the irradiation with femto-second pulsed
lasers may also induce photo-darkening, leaving permanent color centers which might be useful in writing Bragg or long-period
gratings in a waveguide and magneto-optic memory applications [587-589].

9. Conclusions and further musings on future opportunities

Each section above provided specific topical insights into current and future opportunities for advancements in glass optical
materials. More generally, as true now as it has been over a hundred years, a deeper understanding of the interconnections between
glass composition, processing, structure, and properties across all the states application spaces is critical. It also is worth noting that the
marriage of glass and light will only grow stronger with time as photonics continues to impact every corner of modern life.

A few cross-cutting topics for future exploration and development include: (1) the use of machine learning and artificial intelligence
to help predict passive and active optical properties of glasses in all forms (bulk, films, fiber, etc.), particularly as relates to (i)
luminescent and nonlinear optical properties, (ii) empirical or theoretical predictions of crystallization process for any given glass
composition, that will enable consideration of novel composite materials that enhance and expand the capabilities of glass or glass
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-ceramic media, and (iii) glasses with higher refractive index and less dispersion; (2) glass process research that permits reduced cost,
environmental impact, and scaling of more exotic glasses for high performance applications, e.g., infrared optics and sources, plas-
monic and nanocrystalline glass-ceramics, etc.; (3) pushing the transmission limits of glass, both spectrally (e.g., deeper into the UV
and further into the IR) and with respect to loss (e.g., lower-than-silica attenuation across broad spectral ranges); (4) compositions and
fabrication methods that permit nonlinearities that are markedly higher or lower than currently available, including second-order
phenomena; (5) novel approaches to create microstructures inside glass forms, (6) hybrid integration with semiconductors, crys-
tals, and organic materials to realize novel and complex functions such as optical computing, sensing, monitoring, and data processing,
and (7) a more complete understanding of photosensitivity and photo-induced properties in order to make greater use of such glasses.
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