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GLASSES FOR PHOTONICS

This book is an introduction to recent progress in the development and application of
glass with special photonics properties. Glass has a number of structural and practical
advantages over crystalline materials, including excellent homogeneity, variety of form
and size, and the potential for doping with a variety of dopant materials. Glasses with
photonic properties have great potential and are expected to play a significant role in the
next generation of multimedia systems.

Fundamentals of glass materials are explained in the first chapter and the book then
proceeds to a discussion of gradient index glass, laser glasses, non-linear optical glasses
and magneto-optical glasses. Beginning with the basic theory, the book discusses actual
problems, the performance and applications of glasses. The authors include much useful
background material describing developments over the past 20 years in this rapidly
moving field.

The book will be of value to graduate students, researchers and professional engineers
working in materials science, chemistry and physics with an interest in photonics and
glass with special properties.
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Preface

Glass can be doped with rare earth ions, high refractive index ions and micro-
crystallites which give it great potential as a photonic medium. The practical
advances of these types of glass are expected to have significant roles in
multimedia systems in the next generation.

This book is thus an introduction to the theory and recent progress in the technology
of glass with special photonic properties, for graduate students, practising engineers and
scientists, who wish to supplement their theoretical and practical knowledge of this field
with the material science aspects. Hence, this book is intended to be comprehensive
enough for an introductory course and be easily readable by practising engineers who are
interested in and desire an overview of this field.

Although this book is designed with the purpose of providing a fundamental review of
materials with special optical properties, another goal is to provide practical and useful
information about developments over the last 10 years in this rapidly changing field. It is
impossible, however, to describe all the innovations which have been developed over the
last 10 years and omissions are inevitable in a compilation of the size of this book.
References to work with respect to the range of glasses examined in this book are given
as references to the tables in each chapter. Readers interested in specific data will be able
to refer to the original literature. Even so, there remains the possibility of serious
omission, for which we beg, in advance, the reader’s pardon.

M. Yamane and Y. Asahara

X
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Glass properties

Introduction

Glass can be made with excellent homogeneity in a variety of forms and sizes,
from small fibers to meter-sized pieces. Furthermore, glass can be doped with
rare earth ions and microcrystallites and a wide range of properties can be
chosen to meet the needs of various applications. These advantages over
crystalline materials are based on the unique structural and thermodynamic
features of glass materials. Before discussing the special properties of glass,
the fundamentals of glass materials are given in this chapter.

1.1 Features of glass as an industrial material
1.1.1 Structural features

1.1.1.1 Atomic arrangement

A glass is defined in ASTM [1] as ‘an inorganic product of fusion which has
been cooled to a rigid condition without crystallization’. According to this
definition, a glass is a noncrystalline material obtained by a melt-quenching
process. Nowadays, noncrystalline materials that can not be distinguished from
melt-quenched glasses of the same composition are obtainable by using various
techniques such as chemical vapor deposition, sol-gel process, etc. Therefore,
most glass scientists regard the term ‘glass’ as covering ‘all noncrystalline
solids that show a glass transition’ regardless of their preparation method.

The words ‘noncrystalline solids’ and ‘glass transition’ suggest that a glass
cannot be classified either in the category of crystalline materials such as
quartz, sapphire, etc. or in the category of liquid. The atomic arrangement of a
glass is different from those of crystalline materials and lacks long-range
regularity, as schematically shown in Fig. 1.1 [2]. This is quite close to the
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Fig. 1.1. Schematic two-dimensional illustration of the atomic arrangement in (a) crystal and
(b) glass [2].

atomic arrangement in a liquid. There is neither crystal lattice nor lattice point
in the glass structure and therefore, instead of diffraction peaks a halo is seen
in the X-ray diffraction patterns of a glass.

Substances which can form noncrystalline solids with the atomic arrange-
ment shown in Fig. 1.1(b) and at an appreciable size are found in oxide, halide,
and chalcogenide systems. The three-dimensional random network of strong
bonds is developed by the constituent called the ‘network former’. Some
components called network modifiers can also participate in glass formation by
acting to modify the glass properties. These components do not form networks
but occupy thermodynamically stable sites as illustrated schematically in Fig.
1.2 or act as a replacement for a part of ‘network former’.

Glass formation is possible, in principle, for a system of any composition
provided that it contains sufficient of the component called ‘network former’.
Thus, a wide variety of multi-component glasses can be prepared to attain the
desired properties by adjusting the chemical composition at a level below 1%.
The lack of regularity of the atomic arrangement over a long range, i.e. the
randomness of the structure, is essential to the understanding of the physical
and chemical features relevant to those glasses which have the special proper-
ties that will be reviewed in this book.

The local environment of the modifying ions in Fig. 1.2 is different from site
to site because of the lack in regularity of structure. Since an active ion doped
in a glass occupies a similar position to the modifier ions, the absorption and
emission spectra from the ion, if any, are broader than those from active ions
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Fig. 1.2. Schematic two-dimensional illustration of the structure of a binary sodium silicate
glass [3].

doped in a crystalline material as shown in Fig. 1.3 [4], a feature which is often
advantageous in the preparation of a special glass.

The macroscopic properties of a glass such as optical transmission and
absorption, refraction of light, thermal expansion, etc. are observed always
equally in all directions, provided that the glass is free from stress and strain.
That is, a glass is an isotropic material, whereas crystalline materials are
generally anisotropic.

1.1.1.2 Chemical composition

Another important feature attributed to the uniqueness of the structure of glass
is the flexibility of the chemical composition. Unlike crystalline materials,
there is no requirement of stoichiometry among constituents provided that the
electrical neutrality over the whole structure of a glass is maintained. Further-
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Fig. 1.3. Absorption and emission spectra of Nd ions in YAG crystal and phosphate glass.
[Reprinted from M. J. Weber, Handbook of the Physics and Chemistry of Rare Earth, Vol. 4, ed.
K. A. Gschneider, Jr. and L. Eyring (North-Holland Publishing Company, Amsterdam, 1979)
p.-275.]

more, many properties of these multi-component glasses such as molar volume,
thermal expansion coefficient, refractive index, etc. can be approximately
described using the law of additivity of constituents [5]. These properties
reflect the intrinsic nature of the respective constituents in proportion to their
contents.

Property, P, of interest can be expressed approximately by Eq. (1.1) using

the proportion of respective constituents, fi, f», f3,..., fi, and factors
representing their influence, py, p2, p3, - .- pi, as;
P=Z2pifi=pf1+ pfo+ p3fst+ ... +pifi. (1.1)

As there is no requirement on the stoichiometric ratio among constituents it is
easy to dope active elements such as rare-earth or transition metal elements,
semiconductor components, etc. Thus we can obtain a glass which has the
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unique properties inherent to the doped elements such as special color, emis-
sion of fluorescent light, high nonlinear susceptibility, etc.

The other feature that comes from the flexibility of glass composition is the
ability to modify the properties of a glass through ion-exchange [6]. There are
many stable sites for network modifier ions in a glass structure as shown in Fig.
1.2. For example, alkali ions that are easily thermally activated can move from
one stable site to another within a glass. Such a movement of alkali ions within
a glass structure enables us to replace alkali ions near the surface of a glass by
other ions of the same valence, i.e. Na™ by K™; Na™ by Ag™; K™ by T1, etc.
This replacement of alkali ions in the original glass by other ions partially
modifies the composition of the glass, and hence its properties. The technique,
which will be described later in detail, is particularly important for the
modification of optical and mechanical properties.

1.1.2 Thermodynamic features

1.1.2.1 Glass transition

A glass whose atomic arrangement lacks regularity over a long range generally
has higher configuration entropy, and hence higher free energy, than a crystal-
line material of the same composition. In other words, a glass is a thermo-
dynamicaly metastable material which remains un-transformed to its most
stable state due to hindrance of the atomic rearrangement during the process of
glass formation. The transformation of a glass to a crystal proceeds via
nucleation and crystal growth under the driving force of the difference in free
energy between crystal and glass, AG,, which increases with the increase of
super cooling A7;. Both nucleation rate [/, and crystal growth rate U are
dependent on the viscosity # of a super-cooled liquid as well as on AG,,.

Since the viscosity 7 increases exponentially with decreasing temperature as
shown in Fig. 1.4 [7], the influence of viscosity on the hindrance of atomic
rearrangement increases with decreasing temperature, whereas the driving
force for the transformation into crystal increases with decreasing temperature.

Thus the nucleation rate /y and crystal growth rate U are approximately
expressed by the following Eq. (1.2) and (1.3) [8, 9]:

Iy = ky/nexp(—ga’ B/ TAAT,)) (1.2)

where k; is a constant (typically about 10°° dynecm), 7= T/Tp,
AT, = (Ty — T)/ T, g is a factor related to the shape of the nucleus and equal
to 16st/3 for a spherical nucleus, and a and  are dimensionless parameters
given by
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Fig. 1.4. Viscosity—temperature relationship of some commercial glasses. 1: Silicate glass;
2: High (96%) silica glass; 3: Aluminosilicate glass; 4: Soda-lime silicate glass (sheet glass);
5: Borosilicate glass; 6: Soda-lime silicate glass (electric bulb); 7: Lead-alkali silicate glass
(electric use); 8: Lead-alkali silicate glass (high lead content). [7] [Reprinted from E. B. Shand,
Glass Engineering Handbook, (McGraw-Hill Book Company, Inc., 1958) p. 16 copyright (1958)
with permission from Corning Inc.]

a = (NaVcH)Po JAHp (1.2a)
and
B = AHpi/RTy
= ASpu/R (1.2b)

where N, is Avogadro’s number, V¢ is the molar volume of the crystal, o is
the crystal—liquid interface energy, A4 Hpy is the molar enthalpy of fusion and
ASpy is the molar entropy of fusion. For typical nonmetals, a'/? is about
0.5~0.7.

U =f(RT /3N 2*3)(1 — exp[AH AT /RTTm)) (1.3)

where f is the fraction of the site at which the glass-to-crystal transition can
take place on the crystal surface and AT = Ty, — T, respectively.

In the temperature range near melting point 7y, the influence of A4 Hyy/ Ty
is predominant and, in the temperature range well below melting point, the
influence of viscosity # is very large compared with the influence of
AHpy/ T The schematic illustration of 7y and U as a function of temperature
gives curves which pass through maximum as shown in Fig. 1.5.
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Fig. 1.5. Schematic illustration of temperature dependence of nucleation rate and crystal growth
rate in a super-cooled liquid.
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Fig. 1.6. Volume—temperature relationship of glass-forming liquid, and nonglass-forming
liquid.

An important fact to be noted in the figure is that the temperature giving the
maximum crystal growth rate (U) is higher than the one giving the maximum
nucleation rate (/). When a viscous liquid is cooled from a high temperature, it
passes through the temperature region of high crystal growth rate before
nucleation takes place. When it passes through the temperature region of high
nucleation rate, the crystal growth rate is already very low. Thus, a viscous
liquid cooled at a sufficient rate further increases its viscosity to near or above
10'* dPa s without being transformed into a crystal. Once the viscosity reaches
this value, even the alteration of the local atomic arrangement to equilibrate
with temperature is not possible, resulting in the ‘frozen-in’ structure. Then the
material behaves as a rigid and brittle solid, i.e. a glass. Physical and chemical
phenomena occurring in a solid glass are no longer so sensitive to temperature
change except for those that are enhanced by thermal activation such as the
movement of alkali ions. Figure 1.6 shows the temperature dependence of the
molar volume of a viscous super-cooled liquid, and uses glass as an example.

The transition from a viscous liquid to a solid glass is called the ‘glass
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transition’ and the temperature corresponding to this transition is called the
‘glass transition temperature’, 7. The reversible transformation from a glass to
a viscous liquid also takes place if a glass is heated to a temperature above 7.

Since the glass transition occurs as a result of the increase of viscosity and
the rate of viscosity increase is dependent on cooling rate, the glass transition
temperature, 7, is not always the same even if the chemical composition is the
same, but instead it is usually different, depending on the cooling rate of a
liquid. A slow cooling allows enough time for a viscous liquid to alter its local
atomic arrangement to attain the minimum free energy at the corresponding
temperature, whereas a rapid cooling causes an increase of viscosity that is too
quick for the local atomic arrangement to follow and results in a transition into
a glass at a higher temperature.

The structure of a rapidly cooled glass is more open than that of a slowly
cooled one because the ‘freezing-in’ of the atomic arrangement occurs at a
higher temperature. The properties of a glass are therefore different from glass
to glass, depending on the thermal history, even if the chemical composition is
the same.

1.1.2.2 Thermal stability and structural relaxation

A glass obtained by cooling a liquid can transform into a crystal if re-heated to
a temperature region that is well above T, where the nucleation and crystal
growth takes place. Figure 1.7 shows an example of the crystallization of a
glass detected by a differential thermal analysis (DTA) [10]. The exothermic
peak observed in the temperature near 700 °C is attributed to crystallization.
The sharpness of the peak and the difference between onset temperature and 7
reflect the thermal stability of a glass. If a glass is thermally unstable, the
exothermic peak is sharp and the temperature difference is small.

On the other hand, if the temperature of re-heating is not high and remains
near the glass transition temperature, which is well below the temperature
giving high crystal growth rate, a glass remains uncrystallized but undergoes
some change in atomic arrangement called structural relaxation [11]. The
differences in structure and properties between glasses of different thermal
history can be eliminated by the structural relaxation brought about by this heat
treatment near the glass transition temperature. Figure 1.8 shows an example of
such a change attributed to the structural relaxation [12]. It should be noted
from this figure that the tuning of some properties of glass is possible by
holding the glass at a temperature near the transition temperature.
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Fig. 1.8. Viscosity—time curves of a soda-lime silica glass at 486.7 °C [12]. (a) Newly drawn
fiber; (b) Fiber stabilized at 477.8 °C for 64 h.

1.1.3 Optical features
1.1.3.1 Transparency

There is neither grain boundary nor interface within a glass structure and so the
intrinsic scattering loss of a glass is very small. Therefore, a glass is, in
principle, transparent to light in the wavelength region where the intrinsic
absorption does not occur, i.e. between two intrinsic absorption edges deter-
mined by band-gap energy and the vibration energy of constituents.

Glasses of oxide and fluoride systems that have a wide gap between the
conduction and valence bands are generally transparent to light in the visible
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and near infrared region, whereas those of the chalcogenide system have
narrower band gaps and are generally translucent in the visible region but
transparent in the near infrared and infrared regions as shown in Fig. 1.9 [13].

Owing to its high transparency to visible light, glass has long been used as
the key material for various optical components. Taking advantage of the
flexibility of composition, over two hundred kinds of commercial optical
glasses have been developed to date.

The primary requisite for an optical glass are high purity and high homo-
geneity to allow the propagation of a light beam with minimum optical loss.
The optical loss inherent to a glass of given composition consists of: (a)
intrinsic absorption loss due to the transition of electrons from the valence
band to the conduction band which is determined by the band gap energy
between two bands; (b) absorption loss due to vibration of molecules; and (c¢)
loss due to Rayleigh scattering. The values of these losses vary with the
wavelength of light according to Eqs (1.4), (1.5) and (1.6), respectively [14—
16];

a(E)wy = aoexpldo(E — Ey)/kT] (1.4)

where E is phonon energy, a(E),, is the absorption coefficient at photon
energy E, due to intrinsic absorption loss in UV region, E, is band gap energy
between the valence band and conduction band, & is Boltzmann constant, and
ap and A4y are constants [14].

a(E)IR = exp(—E/Ez) (1 5)
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Fig. 1.9. Optical transmission curves of representative oxide, fluoride and chalcogenide glasses.
(a) Silica glass, (b) 57HfF;—36BaF,—-3LaF;—4AlF; (mol%) glass; (c) 19BaF,-27ZnF,—
27LuF;-27ThF, (mol%) glass; (d) As;Se; glass; (e) 10Ge—50As—40Te (atom%) glass. [Re-
printed from M. G. Drexage, Treatise on Materials Science and Technology, Vol. 26, Glass IV

(Academic Press, Inc., 1985) p. 151, copyright (1985) with permission from Academic Press,
Inc.]



1.1 Glass as an industrial material 11

where, o E)r is the absorption coefficient at photon energy E due to vibration
of molecules, and a, and E; are constants [15].

Irs(1) = (87 /324)[(n* /Op)(Sp)® + Z(@n* JOC(OCHIOV  (1.6)
where

(Op)’/p* = (Be/OV) KT (1.6b)

(OC) = KTy /(N;dpe/0C:) (1.6¢)

and Op is density fluctuation, 0C; is compositional fluctuation of the ith
component, f3. is isothermal compressibility, T is the fictive temperature, £ is
Boltzmann constant, N; is number of molecules of ith component contained in
the unit volume of glass, u. is the chemical potential, and # is the refractive
index of glass respectively [16].

Figure 1.10 depicts the change of respective losses with wavelength of light
in the case of silica glass [17]. It is well known that the theoretical minimum
loss is determined by the absorption loss due to vibration of molecules and
Rayleigh scattering, and is about 0.125 dB km~! in the vicinity of 1.55 pm.

Wavelength (um)

04 045 05 06 07 08 1.0 15 2 3 510
1000 =T T T T T T T T

Infrared absorption loss

100 |-

Rayleigh scattering loss

1o ™ Total transmission loss

| Ultraviolet

absorption loss "\ \
5 \ \

Loss (dB/km)

imperfections
0.1 | ]

0.01 . .
3 2 1 0

Photon energy (eV)
Fig. 1.10. Changes of intrinsic optical losses of P,Os-doped SiO, glass with wavelength of

light. [Reprinted from T. Miya, T. Terunuma, T. Hosaka and T. Miyashita, Electron. Lett. 15
(1979) 106, copyright (1979) with permission from the Institute of Electronic Engineers.]
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It should be noted that the wavelength giving the minimum intrinsic loss is
different from glass to glass depending on the type and amount of the
constituents. The loss value of a practical glass is the sum of this intrinsic loss
and the extrinsic loss attributed to the absorption by impure atoms and the
scattering loss due to compositional heterogeneity, etc. Major impurities that
cause absorption loss are transition metal ions and water. Absorption by
transition metal ions is attributed to the transition of electrons between the d-
orbital of two different energy levels determined by the influence of the ligand
of the ion. The absorption spectra assigned to various transition metals in a
silica glass are shown in Fig. 1.11 as examples [18].

The absorption loss due to water in a glass is attributed to the stretching
vibration of the OH group and its coupling with the vibration of the metal—
oxygen bond. The wavelength and intensity of such absorption in silica glass
are shown in Table 1.1 as an example [19].

1.1.3.2 Linear and non-linear refractive index, and dispersion

Refractive index is another important property to be considered with respect to
the optical features of glass. It is correlated with the electric dipole moment
induced by the electromagnetic interaction of constituent atoms and molecules
with light, and is expressed by Eq. (1.7) which is known as the Lorentz—Lorenz
equation as [20]:
(n* — 1)V /(n* +2) = (47/3)Nra
=R (1.7)

Loss (dB/km)

0 1 L 1 I §
04 06 08 10 12 14 16
Wavelength (um)

Fig. 1.11. Absorption spectra of various transition metal ions in a silica glass. [Reprinted from
P. C. Shultz, J Am. Ceram. Soc. 57 (1974) 309, with permission of The American Ceramic
Society, Post Office Box 6136, Westerville, Ohio 43086-6136, copyright (1974) by The American
Ceramic Society. All rights reserved.]
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Table 1.1. Absorptions assigned to vibration of OH
and their coupling with vibration of metal-oxygen
bonds [Reprinted from P Kaiser, A. R. Tynes, H. W,
Astle, A. D. Pearson, W. G. French, R. E. Jeagar et al.,
J. Opt. Soc. Am. 63 (1973) 1141, copyright (1973)
with permission from the Optical Society of America]

Wavelength Vibration Absorption loss

A (um) mode (dB/km/ppm of OH)
2.73 V3 8300

2.22 v + V3 220

1.93 2V +v3 8.6

1.39 2v3 54

1.24 VU] + 2u3 2.3

1.13 2v; + 2v;3 0.92
0.945 3vu; 0.83
0.88 V] + 3v;3 7.5 X 1072
0.82 2v; + 3v; 33 %1073
0.72 4v; 5.8 X 1072
0.68 V] + 4v; 3.3 %1073
0.64 2v; + 4v; 83 x 1074
0.60 5v; 50 %1073

v3, Stretching vibration of Si-OH,;
vy, Stretching vibration of Si-O.

where V' is molar volume, n is refractive index, a is polarizability, N is
Avogadro’s number, and R is molar refraction.

When the number of vibrating electrons in the presence of an electric field
E, which changes periodically with frequency o, is large, the polarizability a is
expressed as:

a = (e* /47 mZ[fi/(w? — 0?)] (1.7a)

where e is charge of an electron, m is mass of electron, w; is the frequency of
vibration of an electron in the ith ion, and f; is the oscillator strength of the
intrinsic absorption of the ith oxygen ion, respectively. The refractive index of
a glass is then written as:

(n* — 1)/(n* 4+ 2) = Na(e?/3am)Z[fi1/(w? — o). (1.7b)

The values of w; of a material which are non-absorbing in the visible region of
the spectrum lie within the range of the shorter wavelengths and w; > w. The
refractive index n of a glass given by this equation is in the range 1.45 to 2.00
depending on the composition of the glass and decreases gradually with the
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increase of wavelength of light in the visible region, as shown in Fig. 1.12 [21].
This dependence of refractive index on wavelength of light is called dispersion
and is also an important parameter used to describe the optical properties of a
glass.

The dispersion of a glass is usually represented either by ‘average disper-
sion’ ng — nc or by the Abbe number v4 given by Eq. (1.8).

vg = (ng — 1)/(ng — nc) (1.8)
190} -1.90
LaSF107*
1.85} 41.85
SF106*
1.80 LaSF103*{1.80
1.75¢ LaF11 4175
SF1
= 170 170 &
LaK12
1.65+ BaSFe -1.65
M —o—____SKI16
—0
160 KzF104+ |16
155 w 1 55
M o BK7
0\0\&‘0__& - —
150} —o— - -1.50
PK102*
1 1 1! ] 11 1 1 1 1
400 500 600 700 800
h & F e d ¢
Wavelength (nm)

Fig. 1.12.  Some examples of the change of refractive index of optical glasses with wavelength
of light [21].
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where nq, ng, nc are the refractive indices for the d-line of He (wavelength:
587.56 nm), the F-line of H (wavelength 486.13 nm) and the C-line of H
(wavelength 656.27 nm), respectively.

The relations described above, or the refractive index of ordinary optical
glasses used for lenses, prisms, etc., apply within the range where the linear
relationship, given by Eq. (1.9), holds between the polarization P and electric
field E.

P=yVE (1.9)
where the proportionality coefficient ¥ is called linear susceptibility. Under
high electric fields such as those caused by the irradiation of strong coherent
light such as laser beams, however, the induced polarization does not change
linearly with applied field but increases nonlinearly as expressed by Eq. (1.10)
[22]

P=yVE+yPE> 4 4O+ . (1.10)
where, the coefficients ¥ and y® are called second- and third-order nonlinear
susceptibilities, respectively.

In an isotropic material like glass, the second-order nonlinear susceptibility
%@ becomes zero and the nonlinearity at orders higher than four is negligibly
small. The Eq. (1.10) is rewritten as Eq. (1.10") for an ordinary glass

P=yVE 4+ y®E3, (1.10")
Consequently, the refractive index of a glass n also varies with the intensity /
of light as:

n = ng + (127 /no) E* = ng + n3l (1.11)
where ng is the linear refractive index when the relation in Eq. (1.9) holds, and
ny is the nonlinear refractive index. Application of this nonlinear effect is one

of the key technologies in the field of optics and optoelectronics and will be
reviewed in Chapter 4.

1.2 Classification of glasses by preparation method
1.2.1 Glass by melt-quenching technique

Before the development of the chemical vapor deposition and sol-gel pro-
cesses, the melt-quenching technique was the only method by which bulk
glasses of acceptable size for practical application could be obtained. Even
today, glasses produced by the melt-quenching technique make up more than
99% of practical glasses in both volume and number of types. The process,
which is based on the fusion of crystalline raw materials into a viscous liquid
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followed by forming it into a shape and quenching to a glass [23], is distin-
guished from other methods of glass preparation in many aspects including the
available systems, size and shape of the products, number of components, etc.

A batch mixture prepared by mixing predetermined amounts of pulverized
crystalline raw materials to attain the desired property is placed in a tank
furnace made of firebrick or into a crucible made of clay, platinum, etc. to be
fused into a liquid at high temperature. A tank furnace is designed to allow the
continuous mass production at a daily pull of 40 ~ 600 tons of glass by
charging the batch mixture from one end and taking the molten glass out of the
other end of the furnace to feed to a forming machine.

When glass which has a special property is required in a limited amount, the
melting of a batch mixture is made using a crucible with an externally supplied
heat source such as the combustion of fossil fuel or electricity using an
induction coil, and then supplied to a forming machine. Depending on the
application, the melt is sometimes cooled very slowly to a rigid condition
within a clay crucible so that only the highly homogeneous part is used.
Generally the molten glass is kept at the temperature which corresponds to a
viscosity of 10 ~ 10? dPa s, i.e. 1400 ~ 1500 °C for most commercial glasses
as shown in Fig. 1.4, for more than 10 h in order to remove tiny bubbles and to
enhance the homogenization of the melt through convection and the inter-
diffusion of the constituent atoms.

The formation of a melt into a desired shape is carried out at a temperature
corresponding to the viscosity of 10° ~ 10* dPa s, i.e. 900 ~ 1100 °C for most
commercial glasses, by applying various forming methods such as casting into
a mold, blowing, up-drawing, down-drawing, pressing, rolling out, floating, and
various combinations, and in this way the high flexibility in the geometry of
products, which is the most distinctive feature of the melt-quenching technique,
is possible. It is well known that a continuous glass ribbon of about 5 m wide
and 0.5 ~ 20 mm in thickness is routinely produced in the sheet glass industry
throughout the world; a continuous glass fiber of several microns in diameter is
drawn through a platinum nozzle; and an optical glass for telescope lens of the
diameter exceeding 1 m is easily obtainable.

Most of the formed glasses are usually annealed in a temperature range that
is slightly higher than the glass transition temperature (shown as the annealing
point in Fig. 1.4) to remove any thermal stress which developed during the
forming and subsequent cooling due to the low thermal conductivity of a glass.

The additional feature of the melt-quenching method, namely the high
flexibility of the geometry of a glass and particularly the advantage in obtaining
materials of large size in comparison with a single crystal or polycrystalline
ceramics, is as important as the structural and thermodynamic features when
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Table 1.2. Chemical composition of some industrial glasses manufactured by
melt-quenching technique (wt%,) [24]

Glass SiO, Al,O; B,O; CaO MgO Na,O K,O PbO Other
Sheet glass by float  72.6 1.8 — 7.9 3.8 12.2 — 0.7
Container glass 72.8 1.6 - 11.3 13.8 - 0.5
Crystal glass 56.9 - - - - 28 13.6 260 03
Optical glass SF6 26.9 - — - - 05 1.0 713 03
Optical glass BK7 66 - 12.4 - - 8 12 - 1.6
Laboratory ware 80 225 13 - - 35 115 - 0.9
Electric glass (stem) 57 1 - - - 35 9 29 0.5
TV panel glass 638 13 94 29 22 72 88 28 1.6
(SrO) (BaO)
TV funnel 51 4 - 8 - 6 75 23 0.5
TV neck 47 33 - 34 - 310 33 0.3

2RO (= CaO + BaO + SrO).

considering the preparation of glasses with special properties. Good examples
of the products based on this feature are the giant pulse laser, Faraday rotator,
etc., whose total performance is dependent on the size of material.

The other advantage of the melt-quenching technique over chemical vapor
deposition or the sol-gel process is the large flexibility of composition. Since
simple quenching of a melt does not require stoichiometry among constituents,
the preparation of glasses with a wide variety of compositions, consisting of
sometimes up to ten kinds of constituents at various ratios from a few to several
tens of percent, is possible. The doping or co-doping of active ions such as
rare-earth or transition metal at a level of a few percent or less is also made
relatively easily, which is quite important for the production of glasses with
special properties. As shown in Table 1.2, most of the important industrial
glasses are based on this advantage of flexibility of composition. Examples of
the glasses are color filters, and various glass lasers, etc.

The important fact that should be stressed about the melt-quenching tech-
nique is that most of the above-mentioned features are true not only for the
familiar silicate, borate, or phosphate systems but also for the many exotic
glasses of the oxide system as well as non-oxide glasses such as those of the
fluoride and metal alloy systems. It should, however, be noted that there are
some disadvantages in the melt-quenching technique compared with other
processes. The melt-quenching technique which uses pulverized crystalline raw
materials has disadvantages for the preparation of glasses of ultra-high purity
such as those used for optical communication in comparison with the chemical
vapor deposition and sol-gel processes that use liquid raw materials. The
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Table 1.3. Examples of metal halides and their boiling
points employed in glass formation by chemical vapor
deposition process [27]

Melting point ~ Boiling point ~ Density

Formula (°C) (°C) (g cm™3)
SiH;Cl —118 —-30.4 1.15
SiH,Cl, —122 8.3 1.42
SiHCl3 —127 31.8 1.35
SiCly —=70 57.6 1.48
GeCly —49.5 84.6 1.84
PCl; —-93.6 74.7 1.57
POCIl; 1.3 105.1 -
BBr; —46.0 96.0 -
AlBr3; 97.5 263.3 -
TiCly —25 136.4 1.726

difficulty of maintaining high purity is also attributed to possible contamination
by the crucible or furnace materials which often react with the glass melt under
high temperature. In order to minimize the contamination, crucibles made of
noble metal such as platinum and its alloys are often used for the preparation of
special glasses.

Another disadvantage of the melt-quenching technique that should be noted
is that it is extremely difficult to prepare glasses containing a large amount of
refractory material represented by SiO,, TiO,, Al,O3, ZrO; etc. by this tech-
nique because of the requirement for an extremely high temperature for
melting. The production of the binary or ternary glasses containing these
components, as well as silica glass of ultra-high purity, are therefore made by
either chemical vapor deposition or the sol-gel process.

1.2.2 Glass by chemical vapor deposition

The preparation of a bulk glass by the chemical vapor deposition (CVD)
method was developed in the early 1940s [25]. The process is based on the
thermally activated homogeneous oxidation or hydrolysis of the initial metal
halide vapor (or mixture of metal halides) to form particulate glass material
‘soot’, followed by viscous sintering of the soot into solid inclusion-free glass
bodies [26]. Examples of the metal halides employed in this process are shown
in Table 1.3 along with their melting and boiling points [27].

The oxidation or hydrolysis reaction is usually activated by either oxygen
plasma or an oxy-hydrogen flame. In the case of the formation of silica glass
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Table 1.4. Melting point and boiling
point of chlorides of transition metals,
rare-earth elements and some alkali and
alkaline earth metals [27]

Melting point Boiling point

Formula (°C) °C)
FeCl3 300 317
CuCl, 422 1366
CrCls 1150 -
NiCl3 1001 -
MnCl; 650 1190
CoCl;s 500 1049
EuCl, 727 >2000
ErCl;6H,0 774 1500
NdCl; 784 1600
SmCl; 678 -
LiCl 605 1325-1360
NaCl 801 1413
CaCl, 782 >1600
BacCl, 963 1560

from SiCly, the reaction is schematically shown by Eq. (1.12) and (1.13),
respectively

SiCly + 0, = Si0, + Cl (1.12)
SiCly + H,0 = SiO, + HCL. (1.13)

The typical reaction temperature in the former case is about 2000 °C,
whereas the sintering temperature of the soot into a glass is about 1800 °C [28].
The most distinctive difference between the reaction using oxygen plasma and
that using an oxy-hydrogen flame is the level of OH contained in the eventual
glass. The hydroxyl level in the silica glass produced by using oxygen plasma
is as low as 1 ppm OH, whereas the typical hydroxyl level in a silica glass by
the latter method is 1000 ppm OH.

The feature of this method is that the initial metal halides are liquid at or in the
vicinity of room temperature and their boiling points are very low compared with
the boiling points of the halides of alkali, alkaline earth, transition metals, or
rare-earth elements, examples of which are shown in Table 1.4 [27]. This means
that the purification of raw materials is easily made by repeating the distillation
at a temperature well below the melting points of the halides in this table.

Thus, the process has many advantages over the melt-quenching technique
for preparing glasses of ultra high purity, particularly the preparation of glasses
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that are free from transition metal elements. In addition, it is possible to
prepare glasses whose chemical composition can be varied continuously or
step-wise by changing the mixing ratio of the raw materials. The method,
however, is not suitable for the preparation of glasses containing alkali and
alkaline earth elements or for glasses doped with rare-earth elements.

The types of special glasses that are produced by using the advantage of this
process include high-purity silica glass used for various optical and opto-
electronic devices [26], TiO,—Si0; glass of ultra-low thermal expansion used
for the mirror blanks for telescopes [29], the preforms of optical fiber for
telecommunications [30] etc.

An optical fiber produced by the chemical vapor deposition process is
125 pm in diameter and has a core-clad structure as shown in Fig. 1.13. The
refractive index of the core is slightly (0.1 ~ 0.3% and 0.8 ~ 2% depending on
the type of the fiber) higher than that of the cladding. The optical signal enters
the fiber and is propagated within the core along the fiber axis. The fiber is
classified into three types depending on the refractive index profile of the
core-clad structure which determines the mode of propagation of the optical
signal.

The single mode fiber whose core diameter is 8§ ~ 10 um allows the

core clad
(8-10 pm) (125 pm)

@ )@‘:::::::::::::%hghtbeam
core
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Fig. 1.13.  Structure of optical fiber for telecommunications. (a) Single-mode fiber. (b) Multi-
mode fiber of step index type. (¢) Multi-mode fiber of graded index type.
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propagation of the signal of only one mode. Its transmission capacity is much
higher than those of other two types and it is now used for the majority of the
fiber for telecommunication. The multi-mode fiber having a core diameter
of 50 um allows the propagation of the signal in multiple modes. There are
two types of multi-mode fiber depending on the profile of the refractive index
in the core glass. The graded type is designed to compensate for the difference
in the propagation path length among various modes so that the distortion of
the signal is minimized.

The fabrication of the preform for optical fiber by chemical vapor deposition
has been carried out to date by three different methods, the OVD (Outside
Vapor-phase Deposition) [31], MCVD (Modified Chemical Vapor Deposition)
[32] and VAD (Vapor-phase Axial Deposition) [33] processes. Schematic
illustrations of these methods are shown in Fig. 1.14.

In the OVD process, a soot of desired glass composition is deposited on a
rotating and traversing ceramic target rod by passing the vapor stream through
a methane—oxygen flame directed at the target rod. The glass soot sticks to the
rod in a partially sintered state and a cylindrical porous glass preform is built
up. The core-clad structure is formed by supplying the metal halide vapor to
give a high refractive index such as GeCly or POCl; along with SiCly first until
the desired thickness is obtained, and then switching into the stream of SiCly
alone. When the soot deposition is completed, the porous glass preform is

(@) Silica glass tube
Formed glass film
Burner
0, — o,
LH;

Glass soot

Slcl4 GeC14

MFC:
Gas flow controller

Fig. 1.14. Fabrication methods of preform of optical fiber. (a) MCVD process. (b) OVD process.
(c) VAD process.
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slipped off the target rod to be sintered into a solid glass blank by passing
through a furnace hot zone at a temperature of about 1600 °C. The central hole
which still remains at this stage disappears when it is drawn into fiber at a
temperature of about 1800 ~ 1900 °C.

In the MCVD process, the mixture of SiCly and GeCly (or POCI;) is
supplied, together with oxygen, to a rotating silica glass tube on a lathe to form
the glass soot and sinter it into a glass layer by heating with a traversing burner.
The silica glass tubing that has a glass layer of higher index in its inside is then
collapsed by zone sintering into a solid glass preform consisted of a core of
Si0,—GeO; (or Si0,—P,05) glass and a clad of the original silica glass tubing.

In the VAD process, a soot having the desired glass composition is deposited
on the bottom end of a rotating silica glass target rod by passing the vapor
stream through an oxy-hydrogen flame directed at the target rod. The process
involves the simultaneous flame deposition of both core and cladding glass soot
as the preform grows. When the soot deposition is completed, the porous glass
preform is consolidated to solid glass by zone sintering. In principle, the
process should allow the continuous making of blanks.

The optical loss of a fiber drawn from a preformed glass rod prepared at a
temperature of about 2000 °C is less than 0.5 dBkm~' at the wavelength of
1.3 pm and the fiber can transmit the optical signal as far as 40 km without a
repeater.

1.2.3 Glass by sol-gel process

Glass preparation by sol-gel process has been extensively studied since H.
Dislich [34] reported the formation of borosilicate glass by hot-pressing
granules of dehydrated gel in 1971. The sol-gel process begins with formation
of a sol, consisting of colloids dispersed in a liquid medium. A sol turns into a
porous gel by the coagulation of these colloids while standing in a mold or on a
substrate which is used as a coating film, etc. The gel thus obtained is dried and
sintered into a pore-free dense glass or glass film, etc. at a temperature slightly
above the glass transition temperature of the eventual glass [35].

There are various ways of preparing a sol which depend on the material to be
made. In the case of the formation of bulk glass, the most widely used method
is the hydrolysis and polycondensation of silicon alkoxide or its mixture with
the alkoxides of Ti, Al, Zr, Ge, etc. An alternative way is to disperse fine
particles of sub-micron size obtained by flame hydrolysis of SiCly in chloro-
form using n-propanol as dispersing agent. Representative metal alkoxides
employed in the glass preparation by hydrolysis and polycondensation are
shown in Table 1.5 along with their boiling points [36].
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Table 1.5. Representative metal alkoxides employed in glass preparation [36]

Boiling Point

Alkoxide Formula (°C/mmHg)
Boron n-butoxide B(OBu"); 128/760
Aluminium n-propoxide Al(OPr"); 205/1.0,245/10.0
Aluminium #n-butoxide AI(OBu"); 242/0.7,284/10.0
Aluminium fert-butoxide Al(OBu); 151/1.3,185/10.0
Silicon ethoxide (TEOS) Si(OEt)4 168/760
Silicon methoxide (TMOS) Si(OMe), 153/760
Germanium ethoxide Ge(OEt)4 86/12.0
Titanium ethoxide Ti(OEt)4 103/0.1
Titanium fert-butoxide Ti(OBu')4 93.8/5.0
Zirconium ethoxide Zr(OEt)4 190/0.1

Me, CHs; Et, C,Hs; Pr, C3Hy; n-Bu, C4Hy; tert-Bu, (CH;3);C.

The hydrolysis and condensation reactions of these metal alkoxides are
schematically expressed by the Eq. (1.14) and (1.15).

Me(OR), + nH,0 = Me(OH),, + nROH (1.14)
mMe(OH),, = mMeO,,/ + (mn/2)H,0 (1.15)

where Me is Si, Al, Ti, Ge, B, Zr, etc., R is CH3, C;Hs, CsH;, C4Hy, etc. The
basic procedure to form, for example, a silica glass rod using silicon methox-
ide, TMOS, as the starting material is schematically illustrated in Fig. 1.15
[37].

Initially 1 mol of TMOS is dissolved in about 5 mol of methanol contained
in a flask under stirring and then 4 mol of water is added to the solution under
vigorous stirring. The role of the methanol is to form a homogeneous solution

- addition of water
Si(OMe), mixing

MeOH | Sol —| Wetgel
hydrolysis dehydration
condensation

drying
(removal of water) heatin
»| Drveel £ o | Glass
shrinkage of gel sintering
densification

Fig. 1.15. Schematic illustration of sol-gel process for glass preparation.
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Table 1.6. Some properties of silica glass prepared
from silicon methoxide [37]

Sol-gel derived Commercial

Property silica glass  silica glass
Density (gcm™3) 2.20 221
Refractive index (nq) 1.457 1.4584
Vickers hardness 660-700 680—-700

Thermal expansion (°C~!) 55X 1077 55X 1077
Young’s modulus (K bar) 700-720 730
Bulk modulus (K bar) 310 314

as the mutual solvent of two immiscible liquids, TMOS and water. The clear
silicate solution is cast in a cylindrical plastic mold and left in an oven at a
temperature that is below the boiling point of methanol, for example at about
65 °C, with a tightly sealed cover to enhance gel formation through the
hydrolysis and condensation reaction expressed by Eqs (1.14) and (1.15),
followed by aging at the same temperature until it separates from the container
wall by the syneresis of a small amount of liquid.

The gel is then dried by slowly evaporating the liquid through, for example,
pin holes formed on the cover until no more shrinkage occurs. Slow drying is
necessary to avoid fracture of the gel due to a capillary force induced by the
evaporation of the liquid.

The dried silica gel is, then, subjected to heat treatment under vacuum at a
temperture about 1000 °C for densification into a pore-free glass. The treatment
under vacuum is to enhance the removal of water that was generated by the
dehydration of silanols covering the surface of the silica particles. Some
properties of silica glass prepared by this method are compared with those of
commercial silica glass in Table 1.6 [37].

It should be noted that the highest temperature required to obtain a silica
glass is 1000 °C, which is lower by about 1000 °C than the temperature required
for the melt-quenching process. Thus, the sol-gel process has great advantages
over the melt-quenching technique for the preparation of glasses containing a
large amount of refractory materials such as Al,O3, TiO,, ZrO,, GeO,, etc. In
addition, unlike the CVD process it is also possible to prepare glasses contain-
ing alkali, alkali-earth, and rare-earth elements, etc. by using aqueous solutions
of their salts instead of water in the process shown in Fig. 1.15. Another
advantage of this low-temperature process is that it is possible to incorporate
thermally unstable compounds such as nonoxide semiconductors into a glass to
develop a glass with special properties such as high optical nonlinearity.
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Since most alkoxide precursors are in a liquid state and are easily purified by
repeating distillation, and since there is no possibility of contamination from a
container because this is a crucibleless process, it is also possible to obtain
glasses of very high purity such as those used for fabrication of optical fiber.

Preparation of special glasses which are difficult to produce by the melt-
quenching or chemical vapor deposition process is also possible by using
special treatment such as partial leaching or partial replacement of constituents
of a gel through micropores. A good example of a product based on this
advantage is a gradient index (GRIN) rod of large diameter [38] which will be
reviewed in Chapter 2.

There are of course some drawbacks or disadvantages compared with the
two other processes discussed above. The biggest drawback of the sol-gel
process is the large amount of shrinkage of a wet gel upon drying which often
leads to a fracture. This excessive shrinkage is caused by a capillary force
which is induced by the evaporation of liquid in micropores and is expressed
by Eq. (1.16).

P=2ycos6/D (1.16)

where P is capillary force, y is surface tension of liquid, 6 is the contact angle
of liquid, and D is diameter of micropores.

A tremendous amount of effort has been made during the past two decades
by various researchers to hinder gel fracture during drying. These include: (a)
the enhancement of hydrolysis with acidic water of pH about 2, and the
subsequent addition of ammonia water of high pH to enhance the condensation
reaction in order to obtain a gel with large pores [39]; (b) the introduction of an
organic solvent called a ‘drying control chemical additive, (DCCA)’ such as
formamide and di-methylformamide, having a lower surface tension and a
higher boiling point than water, together with alcohols [40]; (¢) drying the gel
under hypercritical conditions where the liquid—vapor interface, and therefore
the capillary force, diminishes [41]; (d) the incorporation of separately pre-
pared silica glass particles of sub-micron size in the alkoxide—water—alcohol
solution to form a gel of bimodal pore-size distribution [42]. Using these
effects, a silica glass rod of about 30 mm in diameter and 150 mm in length is
now obtainable [43].

The other big problems which had to be overcome were the preferential
precipitation of a particular oxide during sol formation for multicomponent
glasses made from alkoxide precursors, and the heterogeneous precipitation of
metal salts on the surface during the drying of a gel which was made using
aqueous solutions of metal salts as the source of alkali, alkali-earth oxides, etc.

Preferential precipitation of a particular oxide during sol formation is due to
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Table 1.7. Electronegativity ‘y’, partial charge ‘SM’,
ionic radius ‘r’, and coordination number ‘n’ of some
tetravalent metals (z = 4) [Reprinted from J. Livage, F.
Babonneau and C. Sanchez, Sol-Gel Optics, Proces-
sing and Applications, ed. L. C. Klein (1994) 39,
copyright (1994) with permission from Kluwer

Academic Publishers]

Alkoxide X oM r(A) n
Si(OPr), 1.74  +032  0.40 4
Ti(OPr')4 1.32 +0.60 0.64 6
Zr(OPr')4 1.29 +0.64 0.87 7
Ce(OPr')4 1.17 +0.75 1.02 8
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Fig. 1.16. Chemical modification of transition metal alkoxides. (a) Ti(OPr');. (b)
[Ti(OPr');(OAc)],. (c) [Ti(OPr)s(acac)]. [Reprinted from J. Livage, F. Babonneau and C.
Sanchez, Sol-Gel Optics, Processing and Applications, ed. L. C. Klein (1994) 39, copyright
(1994) with permission from Kluwer Academic Publishers].

the difference in the reactivity of metal alkoxides toward hydrolysis, which, in
turn, depends mainly on the positive charge of the metal atoms M and its
ability to increase its coordination number ‘n’. As a general rule the electro-
negativity of a metal atom decreases and the ability to increase its coordination
number ‘n’ increases when going down the periodic table as shown in Table
1.7 [44]. Accordingly, the chemical reactivity of the corresponding alkoxides
increases as their size increases.

Silicon retains fourfold coordination (n = 4) in the molecular precursor as
well as in the oxide. The electronegativity of Si is rather high and its positive
charge is small. Silicon alkoxides are therefore not very sensitive to hydrolysis
whereas alkoxides of Ti, Zr, Ce are very sensitive to moisture due to the low
electronegativity of their atoms and the increase of coordination number by the
hydrolysis. One of the ways to control the reactivity of the alkoxides of Ti, Zr,
Ce, etc. is to chemically modify the coordination state of the alkoxides with a
chelating agent such as acetylacetone as shown in Fig. 1.16.
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The other way to hinder the preferential precipitation of a particular oxide is
to partially hydrolyze the less sensitive silicon alkoxide first and then add the
sensitive alkoxide to facilitate the condensation reaction with the partially
hydrolyzed silicon alkoxide [45].

The heterogeneous precipitation of metal salts on the surface during drying
is due to the migration of constituent ions and water towards the gel surface as
the dehydration advances. An effective method to hinder this crystallization is
to replace the liquid in the micropores of a gel with an organic solvent, which
1s miscible with water but does not dissolve the metal salts, so that the salt is
precipitated and fixed as micro-crystallites on the micropore wall at the front of
the penetrating organic solvent [46]. This treatment is particularly important in
the preparation of alkali-containing multi-component glasses. In addition to the
bulk glasses discussed above, a wide variety of thin films of thickness
0.1 ~ 0.5 um have been successfully prepared by dip- or spin-coating of an
alkoxy-derived sol on a glass substrate to modify glass properties [47].

1.3 Important glass systems
1.3.1 Oxide glasses
1.3.1.1 Silica glass

Among various oxides used in the industrial materials, SiO,, GeO,, B,03, and
P,Os are known to be good network formers which can develop the three-
dimensional random network shown in Fig. 1.16 and can form a glass by itself.
Only silica glass has been practically used to date as a single component glass.

A silica glass shows a superior refractory nature, thermal shock resistance
[48], optical transparency in both the UV and visible regions [49], and high
chemical durability. Due to these properties, silica glass has been widely used
in the semiconductor industry as a crucible for the formation of silicon, a mask
blank for photolithography, as well as various optical elements in optic and
opto-electronic devices [26].

The drawback of this glass as an industrial material, if any, is high cost due
to its very high viscosity which requires a temperature above 2000 °C for
continuous mass production if the melt-quenching technique is applied.
Commercial silica glass is supplied in the form of tubing, plate, or rod and re-
formed by heating to a temperature around 1800 °C, into the desired shape
depending on the application. Silica glass is classified into five types according
to the production method and the level of impurities [48].

Type-I silica glass is produced by electrically fusing natural quartz in a
vacuum or in an inert gas atmosphere. It contains Al,Os; and Na,O as
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impurities at the level of 30 ~ 200 ppm and 4 ~ 10 ppm, respectively. Type-II
silica is produced by fusing pulverized natural quartz using an oxyhydrogen
flame. The content of Al,O; and Na,O in this glass is lower than those in Type-
I silica, but the glass contains hydroxyl group impurities from the melting
atmosphere, at the level of 250 ~ 400 ppm.

Type-III silica is synthesized by the flame hydrolysis of SiCly according to
the reaction shown by the Eq. (1.13) in the previous section. The glass has very
high homogeneity and is almost free of Al,O3 (0.1 ppm) and Na,O (0.05 ppm)
although it contains chlorine and hydroxyl group impurities at the level of
100 ppm and 1000 ppm, respectively. Type-IV silica is also synthesized from
SiCly by the oxidation with an oxygen plasma flame. It is similar to Type-III
silica but the level of impurity content is much lower than the other
(Al,03 < 0.01 ppm, Na, < 0.02 ppm). Its hydroxyl content and Cl content are
0.4 ppm and 200 ppm, respectively. Type-V silica is synthesized from SiCly or
SiH, by reacting the raw material with H,O using the chemical vapor
deposition process under a flow of Ar and O, gas. The impurity content is the
lowest among the silica glass produced by the existing techniques [24].

In addition to the above five types, a sol-gel-derived silica is receiving
attention, although there are various issues to overcome before it can be
brought into commercial application. A sol-gel-derived silica glass contains
neither oxide nor chlorine impurity but does contain water. The glass shows a
good transparency in the UV region [50].

1.3.1.2 Silicate glasses

The reduction of melting temperature from that of silica (about 2000 °C) to a
level of 1500 °C that is more suitable to mass production is made by adding
various modifier oxides to the glass composition. The addition of modifier
oxides to silica leads to the breaking of the strong Si—O-Si bonds to yield
weak points in the glass network [3], and thus reduces the melt viscosity, as it
is schematically expressed by Eq. (1.17) using Na,O as the modifier.

=Si—-0-Si= + Na,0 = =8i-O-Na Na-O-Si= (1.17)
The oxygen ion bridging two silicon atoms in the left-hand side of the equation
is called ‘bridging oxygen’, whereas the oxygen between Na and Si is called
‘nonbridging oxygen’.

The representative of multicomponent silicate glass firstly developed by this
concept is soda-lime silicate which is the most popular and makes up more
than 90% of the commercial glasses. The typical composition of the glass is
(70 ~ 74)Si0,—(12 ~ 16)Na,O—8 ~ 13)CaO—(1 ~ 4)MgO—(0.5 ~ 2.5)Al,03
(wt%). The role of Na,O is obviously to yield nonbridging oxygen and hence
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Table 1.8. Some properties of silica glass and representative commercial silicate

glasses
Ts Ta Tt a d log
Glass °C) (°C) (°C) (1077/°C) (g/em®) ng  (Qecm)

Silica glass 1070 1140 1667 5.5 2.20 1.4585 12.5
Sheet glass by float 510 553 735 87 2.50
Container glass 505 548 730 85 249 1.520 7.0
Crystal glass 417 454 642 99 298 1.565
Optical glass SF6 - 423 538 90 5.18 1.80518 -
Optical glass BK7 - 559 719 83 2.51 1.51680 -
Laboratory ware 520 565 820 32 223 1474 8.1
Alkali free glass 593 639 844 46 2.76 - -
Electric glass (stem) - 440 620 92 3.03 - 9.7
TV panel glass 473 514 704 101 2.77 - -
TV funnel 450 490 672 100 3.01 - -
TV neck 427 466 645 96.5 3.27 - -

T (°C); Strain point, temperature at which the glass viscosity becomes 10'4> dPa's

T (°C); Annealing point, temperature at which the glass viscosity becomes 10'* dPas
T, f8(°C); Softening point, temperature at which the glass viscosity becomes 107 —
10° dPas

to reduce the melt viscosity [51]. The addition of CaO (and MgO) is intended
to improve the chemical durability of the glass which is degraded by the
introduction of mobile sodium ions. The role of Al,O3, which effectively
lowers the liquidus temperature of the system, is to improve the thermal
stability and to hinder devitrification, as well as to improve the chemical
durability. The biggest advantage of soda-lime silica glass over others is the
low cost of raw materials and good workability which is essential for the
fabrication of the products with a variety of shapes.

Replacement of Na,O and/or CaO by other oxides such as K,0, PbO, SrO,
B,0;3, etc. leads to the modification of the properties of glass. Some properties
of the commercial silicate glasses detailed in Table 1.2 are shown in Table 1.8
together with the properties of silica glasses [52].

1.3.1.3 Nonsilicate oxide glasses

The special glasses used as key components of various devices in the fields of
optics, electronics, and opto-electronics are not always silicates but are often
nonsilicate glasses of the phosphate, borate, germanate, vanadate, or telluride
systems. Although nonsilicate glasses are not generally applied to mass
production due to the high cost of raw materials and their rather inferior
chemical durability, they do show unique properties that cannot be obtained for
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Table 1.9. Solubility of silver in various
oxide glasses

Glass Solubility
(mol%) (Ag0Omol%)  Ref.
SiO, -0 [54]
GeO, —25 [55]
B,0; —33 [56, 57]
P,0s —66 [58]

20Na,0-80S10, 2-3
20Na,0-80GeO, 2-3
20Na,0-80B,0; 11-12
20N820-80P205 54-57

silicate glasses. The formation of these nonsilicate oxide glasses is also made
by melt-quenching technique but replacing a tank furnace by a proper crucible
made of materials such as platinum, platinum/rhodium, or gold which do not
react with melts and therefore do not contaminate the products.

Multi-component phosphate glasses primarily consist of P-O-P chains of
four-fold coordinated phosphorus [51]. The features of phosphate glasses as
materials for optical application include a lower nonlinear refractive index and
a high absorption cross-section [53], which is more suitable than silicate as
the host glass for giant pulse lasers. The chemical composition of represent-
ative glasses used in this application is (61 ~ 66)P,O5—(4 ~ 8)Al,O03—
(11 ~ 14)K,0—(5 ~ 16)BaO—(0 ~ 1)NbyOs—(1 ~ 3)Nd,03 (wt%). Their rele-
vant properties are reviewed in detail in Chapter 3.

Table 1.9 shows the solubility of silver in various oxide glasses as an example
[54-58], and also demonstrates that phosphate glasses show the high solubility
of novel metals and nonoxide semiconductor compounds such as CdS, CdSe,
etc., that is another of its advantages over silicate in the preparation of glass
with special properties. The gradient-refractive-index materials, and the noble
metal or semiconductor-doped nonlinear optical materials of high susceptibility
based on these features are reviewed in Chapters 2 and 4 respectively.

Phosphate glasses have a lower softening point than silicate glasses and have
long been used as the enamel for aluminum metal and as solder glasses for
glass-to-glass bonding [59]. Some examples of phosphate glasses used in this
application are shown in Table 1.10 along with their properties.

Multi-component borate glasses which consist primarily of BO; triangles
and BO, tetrahedra are formed by combination with alkali, alkaline earth
oxides and alumina, etc. [51]. The most important feature of borate glasses for
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Table 1.10. Example of phosphate solder glasses and

their properties [59b]
ZnO P,Os Expansion
PbO coefficient Softening point
(mol%) a (X1077 °C) Tt (°C)
70 30 - 131 300
50 50 - 171 310
50 - 50 84.5 380
50 30 20 121 325
50 20 30 116 330

Table 1.11. Example of borate solder glasses and their properties

B,O; PbO PbF, ZnO Si0, CuO ALO; a T

(Wt%) (X1077°C)  (°C) Ref.
90 840 - 70 - - - 117 333.8 [59¢]
91 84 36 70 - - - 119 317.3 [59¢]
92 732 108 70 - - - 130 300.3 [59¢]
20 17 ~ 40 13 10 - 50.2 571 [59d]
291 - - - — 519 190 35.2 570 [59]
383 - - — - 438 179 36.0 665 [59¢]
472 - — -~ 438 90 37.5 650 [59]

application in the optical and opto-electronic fields is their high compatibility
with rare-earth elements. The representative example of material based on this
feature is the La,O3-containing high index and low dispersion optical glasses
[21](e.g.; LaK10:41.3B,03—-12.1Ca0—-6.1PbO-32.4La;03—8.1Zr0,—0.2As,0;
(Wt%), nqg = 1.7200, v4 = 50.03). The very specific application of this feature
is a glass for the Faraday rotator [60] which is reviewed in detail in Chapter 5.

The glasses of the borate system have also been used widely as solder
glasses for glass-to-glass and glass-to-ceramic bonding because of their low
softening point [59]. Examples of borate glasses used in this application are
shown in Table 1.11 along with their properties.

GeO, single-component glass consists of a random three-dimensional net-
work of Ge—O—Ge bonds similarly to silica glass [51]. GeO, glass and multi-
component germanate glasses show fair chemical durability but are seldom
used practically as, although they have similar properties to those of silicate
glasses the raw material is far more expensive. The only very special applica-
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tion developed for glass of this system is infrared transmitting glass [61]. The
higher infrared transmission of germanate glass than silica is attracting people
to use it as the potential material for ultra-low-loss optical fiber [62].

In addition to these representative glass-forming oxides, TeO, and V,0s are
also used for the preparation of glasses with special properties. A telluride
glass is receiving attention as it is a nonlinear optical glass with ultra-fast
response owing to its high refractive index [63]. V,Os combined with P,Os
(and BaO) is well known as forming an electronic conducting semiconductor
glass having resistivity of the order of 10° ~ 10° Q cm at room temperature
[64]. The typical composition of these glasses are (60 ~ 90)V,05—
(10 ~ 40)P,0s, 60V,05—xBaO—(40 — x)P,O5 (mol%), etc.

1.3.2 Halide and oxy-halide glasses

1.3.2.1 Fluoride glasses

Before the discovery of glasses of the ZrF,—BaF,—NaF—-NdF; system in 1974
by Poulain and Lucas [65], BeF,-based glasses were the only halide glass that
could be applied practically. A BeF,-based fluoride glass has the lowest
refractive index and highest Abbe number of any inorganic glass-forming
system [66], (e.g. ng = 1.3741, vq = 105 for 26.0BeF,—18.0AlF;-27.2CaF,—
29.7NaF (wt%) glass). It gives the least distortion for a high intensity optical
beam due to its very low nonlinear refractive index. However, the glass is
highly toxic and extremely hygroscopic and therefore its practical application
is limited and little research into it has been done since the 1960s.

In contrast to fluoroberyllate glass, the heavy metal halide glasses repre-
sented by ZrF;-based multicomponent fluoride glass are neither toxic nor
hygroscopic. The chemical bond in these glasses is ionic in nature, and
therefore, the glass shows a good transparency in the infrared region, as seen in
Fig. 1.9, and this is advantageous in various optical fields [13].

The fluorozirconate glass represented by so called ZBLAN glass, which has
the composition 56ZrF,—19BaF,—6LaF;—4AlF;—15NaF (atomic%), is trans-
parent up to about 8 um and has chemical durability which is comparable with
a sodium silicate glass. Its theoretical optical loss was reported to be about
1073 dBkm™! in the vicinity of 3 ~ 4 um by the NNT Japan group [67]. This
value is about two orders of magnitude lower than the theoretical loss of silica
glass. Thus glasses from this heavy metal fluoride system attracted people as
the materials for the long distance fiber optical waveguides for transoceanic or
transcontinental communication systems, which led to the development of a
wide variety of multicomponent halide glasses by researchers all over the world
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Table 1.12. Chemical composition of representative heavy metal fluoride glasses
and their properties

T, d ng R Ref.

C
Glass Composition (mol%) (O(%) (g/cm?) (K/min)
ZBLAN 56ZrF,—19BaF,—6LaF;—4AlF;—15NaF 269 3 [69]
ZBLAN 53ZrF4—20BaF,—4LaF;3AlF;—15NaF 256 4.319 1.4985 1.7 [69]
ZBGA 57ZrF4—35BaF,-5GdF;—3AlF; 70 [70]
ZBLA 577ZrF4—36BaF,—3LaF;—4AlF; 310 4.61 1.516 55 [71]
HBLA  61HfF,—29BaF,—7LaF;—3AIF; 170 [71]
YABC 20YF;—-40A1F;—-20BaF,—-20CaF, 430 1.43 60 [72]

CLAP 26.1CdF,—-10LiF-30.6AlF;—33.3PbF, 245 5.886 1.606 300 [73]

[68]. Examples of the composition of glasses based on heavy metal fluoride
such as ZrF,4, HfF,, YF3, PbF,, ZnF, are shown in Table 1.12 along with some
of their properties.

The high transparency of these heavy metal fluoride glasses up to the mid-
infrared region is a major advantage over the oxide glasses as host materials for
various rare-earth doped lasers [68]. A wide variety of lasers to be used in the
visible and near infrared regions, as well as up-conversion lasers, have been
developed and practically applied in various fields, as reviewed in Chapter 3.

One important fact to be noted concerning halide glasses is that their
preparation must be carried out in an oxygen-free atmosphere so that the
reaction of the halide raw materials with oxygen which leads to the formation
of oxide impurities is prevented [13]. The formation of the heavy metal fluoride
glass is, therefore, usually made within a glove-box in a nitrogen atmosphere
using a gold, platinum, or graphite crucible.

The drawback of glasses of heavy metal fluoride systems is the lower
viscosity of melt compared with those of oxide systems [13]. It often
precipitates crystals during the cooling of a melt or during re-heating of the
glass for secondary processing such as fiber-drawing. Thus, the loss of fiber
drawn from heavy metal fluoride glasses still remains around 1 dBkm™!, in
spite of tremendous efforts by many researchers seeking to improve the thermal
stability [68]. The modification of glass composition to improve the thermal
stability has been carried out using ‘critical cooling rate’ as a parameter
representing the thermal stability of a melt during cooling [69].

The ‘critical cooling rate’ is defined as the slowest cooling rate at which a
glass is obtained without crystallization from a melt of given composition. It is
empirically correlated with the onset temperatures of the exothermic peak, 7.,
in the DTA curves obtained for a melt at various cooling rates by Eq. (1.18).
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In(R) = In(Re) — 1/(Ty — Te)’ (1.18)

where R is critical cooling rate, T is the liquidus temperature of the melt, and
Ty is the onset temperature of the exothermic peak for the cooling rate, R. In
practice, R, was determined by extrapolating the logarithm of cooling rate R
plotted against the inverse of the square of (7} — Tx.) for the range R =1 ~
100 Kmin~! as shown in Fig. 1.17. The critical cooling rate, R, of ZBLAN
and YABC glasses which show high thermal stability among the heavy metal
fluoride glasses are about 0.7 and 20 Kmin~! [74], respectively, whereas that
of silica glass is in the order of 10~® K min~! [9].

Another important parameter obtained from the DTA curve and used for the
modification of glass composition is the difference between the onset tempera-
ture of the exothermic peak during heating, 7y, and the glass transition point
Ty, i.e. AT = (Txn — T) or normalized value of AT by Ty, i.e., (Txn — Ty)/ T
[13]. The value of AT or AT /T, represents the stability of the glass against re-
heating for the secondary treatment. The larger the AT, the higher the stability.

The modification of glass composition is made by trial and error so that the
lower value of R. and the larger value of AT/ T, are obtained for the system of
interest. Figure 1.18 shows an example of such experiments to modify the

100 [

—O— CL: 0.0%
—0— Cl: 2.5
—A— Cl:5.0
—8— CL: 75

Cooling rate (K/min)
=)
]

0 0.1 0.2 0.3 0.4 0.5
1000/AT.?

Fig. 1.17. Plot of cooling rate against 1/(7j — Ti.)*> on the melt of composition 20YF;—
40A1F;—20BaF,-20CaF,. [Reprinted from T. Yano, J. Mizuno, S. Shibata, M. Yamane, S. Inoue

and Y. Onoda, J. Non-Cryst. Solids, 213 & 214 (1997) 345; copyright (1997) with permission
from Elsevier Science.]
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Fig. 1.18. Improvement of thermal stability of 20YF;—40AlF;—20BaF,—-20CaF, glass with the
addition of CaCl,. [Reprinted from T. Yano, J. Mizuno, S. Shibata, M. Yamane, S. Inoue, and Y.
Onoda, J. Non-Cryst. Solids, 213 & 214 (1997) 345, copyright (1997) with permission from
Elsevier Science.]

thermal stability of a glass of YF;—AlF;—BaF,—CaF, system with the addition
of CaCl, [74]. It can be seen from the figure that the thermal stability of the
glass is improved by the addition of CaCl, up to about 2 mol%.

An excellent review on the preparation, properties and application of heavy
metal fluoride glass is found in the book by P. W. France, M. G. Drexhage, J.
M. Parker, M. W. Moore, S. F. Carter, and J. V. Wright [68a].

1.3.2.2 Oxy-halide glasses

There are several important glasses prepared from the batch mixture of oxides
and halides. One of these is fluorophosphate glass of the system P,Os—AlIF;—
MgF,—CaF,—SrF,—BaF,. Glasses of this system have low dispersion and a low
nonlinear refractive index, and are used as host materials for high-power laser
systems [75] as reviewed in Chapter 3.

The other example of oxy-halide glass is in the system Agl-Ag,O-MoOj3 (or
P,0s, etc.) [76]. The glasses of this system consist of discrete ions of I-, Ag™,
and MoO?~ (or PO; "), and display the characteristics of a solid-state electro-
lyte with a very high ionic conductivity of the order of 1072 Secm™' at room
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Table 1.13. Example of glasses of Agl-Ag,O—MoOj; (or P,Os, B;O;3) systems and
their ionic conductivity [76]

Conductivity
Glass composition (mol%) (Secm™) Transport number of Ag™
75Agl-25Ag,Mo00, 1.1 X 1072 0.999
60Agl-40Ag,MoO4 6.0 X 10~* 0.999¢
80AgI-20Ag;PO4 1.2 X 1072 0.997,
60AgI-30Ag,0-10B,04 8.5%x 1073 0.992,
60AgI-40Ag,;SeOy 3.1 X103 0.998
50Agl-30Ag,0—-20V,0s5 1.3 %1073 0.995
33Agl-33Ag,0-33Ge0, 1.3x107* 0.985;

Table 1.14. Example of low melting glasses of PbF,—SnF,—P;0s system and their

properties [77]

Sn Pb P F o) T, (°C)
49.5 3.0 47.5 45.7 146.4 124
53.4 3.8 42.8 53.5 137.5 120
56.6 4.4 39.0 62.1 127.5 87
61.0 5.2 33.8 73.8 113.8 85
50.5 5.7 38.2 38.2 146.7 135
50.0 5.5 44.4 353 148.9 145

Glass composition is expressed so that the sum of cation becomes 100, i.e.
Sn 4+ Pb + P = 100 in atomic ratio.

temperature as shown in Table 1.13. Although they are not thermally stable and
must be prepared by rapid quenching using a twin-roller device, the high ionic
conductivity is attractive as an electrolyte for an ionic battery.

Other examples of oxy-halide glasses with special properties are those in the
system PbF,—SnF,—P,05 shown in Table 1.14 [77]. The glasses of this system
are melted at a temperature around 400 ~ 500 °C. In spite of its low glass
transition temperature, in the vicinity of 90 ~ 120 °C, the glass shows fair
chemical durability that is acceptable, depending on the application. The glass
is considered to contain a fairly large number of less polar P-F bonds and has
the structure of a molecule in nature [78]. Because of this unique structure and
a very low melting temperature, the glass can incorporate active organic dye
molecules such as Rhodamine 6G, Phtalocyanine, Fluorescein, etc. without
deteriorating the activity of the molecules. Thus, a potential use of the glass
has been suggested for solid-state dye lasers.
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Table 1.15. Composition and properties of representative chalcogenide glasses

/80, 81]

Glass n A(um) Tr(°C) a(X107/°C) p (R cm, 130 °C)
AsyS3 235 15~12 180 300 2.0 X 10'2
As,Se; 1~15 194 1.54 % 108
As;Se,Te 2.5 X 10°
As,SeTe, 3.5 X 10°
A812G633Se55 2.49 1~16 474
ASzoszose(,() 2.53 1~13 218 200
AS50T€10$20$620 2.51 1~13 195 270
AsgSeq) 2.48 1~19 70 340
A820T€70G610 3.55 2~20 178 180
Ge30P1()S§0 2.15 2~8 520 150
GeoSeo 230 09~12 420 140
GezngnSeéo 2.62 1~15 326 150
SizsAstTes() 2.93 2~9 317 130

1.3.3 Chalcogenide glasses

Chalcogenide glasses are based on sulfur, selenium, or tellurium and are
obtained by melting these elements or their compounds with As, Sb, Ge, Si,
etc. in an oxygen-free atmosphere, i.e. in vacuum or within a silica glass
ampoule, so that reaction of the raw materials with oxygen is avoided [79].

These glasses differ from the glasses of oxide and halide systems mentioned
above as the atomic ratio between the positive elements such as As, Ge, Si, etc.
and the negative elements such as S, Se, Te, etc. is not always constant in
chalcogenide glasses but can be varied within a certain range. In the case of the
As—S system, for example, glass formation is possible if the atomic ratio As/S
is within the range of 1.5 ~ 9 [79]. Thus the composition of chalcogenide
glasses is usually expressed using the atomic percentage or atomic ratio of the
constituent elements in such a way as Ges3AsjpSess, SipsAsysTesg, GesgProSeo,
As,Ses, GesP3Te4, etc.

The chemical bonds in the chalcogenide glasses are covalent in nature [79],
in contrast to the ionic nature of bonds in oxide and halide glasses. One of the
most important features of chalcogenide glasses is good transparency in the
infrared region up to about 20 um as already shown in Fig. 1.9 using As,Se;
and GejoAssoTeq glass as examples. Thus, the glasses of this system have been
used widely as optical elements for infrared rays such as prisms, windows,
waveguides, etc., as well as the host materials of infrared lasers [80], which is
reviewed in Chapter 3 in detail.
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Another feature of chalcogenide glasses is that they are band-type semicon-
ductors [81] and show various unique phenomena such as photoluminescence
(AsySes) [82], photoconduction (As;Se;, As;Tes, TloSeAs,Tes, etc.) [83],
photodarkening (Teg;Ge;5Sb,S;) [84], memory-switch (Teg; GejsSb,S;) and
threshold-switch (AS30T€48G€1()Si12, AS43T€21T114Sb68616, etc.) [85] in vol-
tage-current relationships, etc. Applications of these features in the field of
optics and opto-electronics include photoconductive film for xerography,
resistance material for photolithography, etc. Composition and properties of
representative chalcogenide glasses are shown in Table 1.15.

1.4 Secondary treatment of a glass for the development of a special
function

1.4.1 Thermal treatment
1.4.1.1 Crystallization

It was mentioned in Section 1.1.2 that a glass is a thermodynamically
metastable material and remains untransformed to the most stable state, i.e.
crystalline state, due to a hindrance of atomic rearrangement. Therefore, the
crystallization of a glass can take place if the atomic rearrangement is
enhanced by reheating to a temperature above 7. If the thermal treatment for
the crystallization of a glass is carried out so that the precipitation of crystal-
lites of unique properties occurs throughout the material, the development of
new functionality is possible.

Materials prepared by the crystallization of a glass with the purpose of
developing this new functionality are called glass ceramics [8]. The properties
and characteristics of crystallites may be a low (or zero) thermal expansion
coefficient [86], high mechanical strength, low dielectric constants [87], high
electric resistivity, good machinability [88], biological-activity [89], etc. Table
1.16 shows some examples of glass ceramics.

The advantage of glass ceramics over ordinary ceramics obtained by the
sintering of powdery raw materials is that the thermal treatment for crystal-
lization is made, in general, on a glass that has been formed in advance into the
desired shape, and therefore, a pore-free material of complicated shape can be
obtained.

As an industrial material is always required to have high mechanical
strength, and the mechanical strength of glass ceramics is dependent on the
size of the precipitating crystal, the heat treatment for nucleation which
determines the micro-structure of the eventual glass ceramics is one of the
most important steps in the preparation process. As discussed in Section 1.1.2,
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both nucleation rate [, and crystal growth rate U are dependent on the
temperature of the heat treatment and expressed by Eqgs (1.2) and (1.3),

Iy = ki /nexp(—ga’ B/ THAT)) (1.2)
U = f(RT/3Nsm2*n)(1 — exp[AHpyAT /RTTm]) (1.3)

The maximum [, appears at a lower temperature than the maximum U as
shown in Fig. 1.5. The most effective heat treatment for nucleation is obviously
attained at the temperature that gives the maximum nucleation rate. Therefore,
a glass that has been cooled down to room temperature after forming is
generally re-heated to this temperature, followed by treatment at a high
temperature for crystal growth [8], as is schematically shown in Fig. 1.19.

The optimum temperatures for these treatments are obviously dependent on
glass composition and must be experimentally determined. The optimum
temperature for crystal growth is considered to be in a range slightly above the
temperature of the exothermic peak 7}, of untreated glass. To find the optimum
temperature for nucleation, a sample glass is first subjected to heat treatment
for a predetermined time, e.g. 2 h, at a temperature, 77, between the glass
transition temperature T, and the onset temperature Ty, of the exothermic peak
in DTA [91]. The treated glass is then pulverized and subjected to DTA
analysis. The temperature of the exothermic peak T,; will be observed at a
temperature that is lower than T}, if the heat-treatment is sufficient, as shown
in Fig. 1.20.

By repeating this procedure at various temperatures, 77, 72, T3, ..., and
plotting the reciprocal of the difference between T,y and T}, against respective

umax
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_.‘

Time —9

Fig. 1.19. Schematic illustration of heat cycle for the preparation of glass ceramics
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Fig. 1.20. Shift of the temperature of exothermic peak toward lower temperature by the
treatment for nucleation. [Reprinted from X. Zhou and M. Yamane, J. Ceram. Soc. Jpn. 96 (1988)
152, copyright (1988) with permission from the Ceramic Society of Japan.]

temperatures, we obtain a curve similar to the one showing the temperature
dependence of the nucleation rate [91] as shown in Fig. 1.21.

The pictures in Fig. 1.22 are electron micrographs of the fractured surface of
samples obtained by the heat treatment for nucleation at various temperatures
of T, Ty, Ts, ..., followed by the treatment for crystal growth at 850 °C [91].
It is known that the crystal size is the smallest in the sample obtained by heat
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Fig. 1.21. Plot of the reciprocal of the difference between T},g and Tp,; against temperature of
heat treatment for nucleation. [Reprinted from X. Zhou and M. Yamane, J. Ceram. Soc. Jpn. 96
(1988) 152, copyright (1988) with permission from the Ceramic Society of Japan.]

treatment for nucleation at 760 °C at which the value of ATy(= Tpo — Tpi)
becomes the maximum, showing the validity of the method.

Another important parameter that must be taken into consideration is the
kind and the amount of nucleating agent [8]. The role of the nucleating agent is
to provide foreign surfaces within a glass by precipitating metal colloids or by
inducing micro-phase separation so that the heterogeneous nucleation through-
out the bulk of the glass is enhanced and surface crystallization which often
degrades the quality is hindered. The familiar nucleating agents used for the
preparation of glass ceramics shown in Table 1.16 include novel metals such as
Au, Ag, Pt, etc. for colloid formation and TiO,, P,Os, ZrO,, etc. for inducing
the phase separation of mother glasses.

The convenient way to determine the optimum amount of these nucleating
agents is to carry out a DTA analysis on the pulverized sample glass of two
different sizes, i.e. about 100 um and 20 pm on average [8]. If the hetero-
geneous nucleation occurs ideally throughout the bulk glass without surface
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Fig. 1.22. Electron micrographs of the fractured surface of samples obtained by the heat
treatment for 2 h for nucleation at various temperatures (a: none; b: 580 °C; c¢: 700 °C; d: 730 °C;
e: 745 °C; f: 760 °C; g: 780 °C; h: 800 °C; i: 820 °C; j: 760 °C (16 h)) and subsequent heating at
850 °C for crystal growth. [Reprinted from X. Zhou and M. Yamane, J. Ceram. Soc. Jpn. 96
(1988) 152, copyright (1988) with permission from The Ceramic Society of Japan.]

nucleation, the exothermic peak is observed at the same temperature indepen-
dently of the size of the glass sample. On the other hand, if the nucleating agent
i1s not effective, the influence of surface nucleation will be reflected to the
exothermic peak, and the peak for the sample of larger size will appear at a
higher temperature than that for the sample of smaller size due to the smaller
specific surface area than the latter.

Excellent reviews of the theory of crystallization and practical glass cera-
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mics are found in the book edited by J. H. Simmons, D. R. Uhlmann and G. H.
Beall [92], and the book by Z. Strunad [8].

1.4.1.2 Precipitation of nano-particles

As mentioned in the previous section, one of the advantages of a glass over
ceramic materials is the flexibility of chemical composition which enables the
doping of particular ions or active elements for the development of special
color, emission of fluorescent light, high nonlinear susceptibility, photochrom-
ism, etc. Glasses of various colors are obtained by doping transition metal ions,
rare-earth elements, noble metals and semiconductor compounds [93], as
shown in Table 1.17.

Among those in the table, the colors by Au, Ag, Se, CdS, CdSe, etc. are
obtained from their colloids which are up to 10 nm in diameter. Glasses
containing these colloid particles also display high nonlinear susceptibility
(Au, Ag, CdS, CdSe, CuCl colloid) [94], or photochromism (AgCl, TICI) [95].
The performance of a glass in terms of these properties is dependent on number
density and on the size and size distribution of the colloid particles as reviewed
in Chapter 4.

Since the size and size distribution of colloids are dependent on the thermal
history of a glass [93], the precisely controlled heat treatment is as important as
the composition in order to develop a glass with special function. The
precipitation of colloids of metals, non-oxide semiconductor compounds and
silver halides, in general, proceeds according to the nucleation and growth
mechanism [93]. The amount of precipitating colloids depends on the solubility
of constituents in a glass melt at high temperature and its temperature coeffi-
cient. Slow cooling of a glass melt generally results in the formation of colloids
with a wide size distribution, particularly when the amount of precursor ions is
large. Therefore, a glass melt is usually quenched rapidly and re-heated to a
temperature above 7, to enhance the nucleation and growth of particles so that
a glass that contains nano-particles of uniform size distribution is obtained.

In the case of colloid formation of gold [93], for example, the atomic gold
forms nuclei during the cooling period. The nuclei develop into the color
centers when heated later. Rapid cooling produces a high degree of super-
saturation which leads to the desirable large number of invisible nuclei
2 ~ 4 nm in size and consisting of several hundred atoms. On reheating the
glass, gold atoms which had been ‘frozen in’ can migrate within the glass and
collide with the nuclei, resulting in the growth of the nuclei into larger crystals.
By raising the temperature above the softening point, small crystals can move
and collide, leading to the formation of secondary particles (clusters). Further
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Table 1.17. Color of glass that has been doped with
various ions and elements [93]

Element Chemical state Color
\Y Vit Faint yellow
V4t Blue
V3t Green
Cr Crot Yellow
Crt Green
Ti Ti* Violet-purple
Mn Mn3+ Purple
Mn?+ Light yellow
Fe Fe3+ Faint yellow
Fe* Blue-green
Co Co** Faint pink
Co** Deep blue
Ni Ni2* Brown-purple
Cu Cu** Blue-green
Cu colloid Red
Ce Ce*t Yellow
Pr Pr3t Green
Nd Nd>* Purple
Sm Sm3* Yellow
Eu Eu?t Yellow
Ho Ho’*t Yellow
Er Er3t Pink
Ag Ag colloid Yellow
Au Au colloid Red
Se Se colloid Pink
P P colloid Red
Te Te colloid Red
Cd, S CdS colloid Yellow
Cd, Se CdSe colloid Pink
Cd, S, Se CdS,Se;_4 colloid Orange
Fe, S FeS colloid Amber
Sb, Se Sb,Ses colloid Red

heating causes the recrystallization leading to a reduced number of larger
crystals at the expense of smaller crystals.

Table 1.18 shows the color change of gold ruby plate glass with temperature
and time of heat treatment [93]. At 575 °C, the glass develops a faint purple
(amethyst color) after 2 h, prolonged heating up to 9 h makes the color more
intense and a bluish purple color giving an absorption maximum at 560 nm
becomes evident. At 600 °C, the purple color develops much faster than at
575 °C in the first few hours. The prolonged heating up to 9 h results in a shift



46 Glass properties

Table 1.18. Color change of gold ruby plate glass with
temperature and time of heat treatment [93a]

Temperature Time
(°C) 2h 4.5h 9h
575 colorless bluish-purple bluish-purple
600 purple purple ruby
675 intense ruby intense ruby  intense ruby
700  blue*, brown™ blue*, brown™** blue*,

brown™**

*: transmitting light; **: reflected light.

of maximum wavelength from 560 nm to 532 nm and gives the real ruby color
due to recrystallization. Above 600 °C, the effect of recrystallization becomes
evident, and at 675 °C the ruby color is fully developed in less than 2 h. The
prolonged heating at this temperature does not have a great effect on color and
intensity, despite the fact that the recrystallization proceeds (maximum wave-
length remains at 550 nm). At 700 °C, some of the gold crystals grow at the
expense of smaller ones. The larger crystals bring about reflection and
scattering, and give blue color in transmitted and brown color in reflected light
(maximum wavelength shifts to 560—570 nm), showing the excessive crystal
growth. Thus, 675 °C is the most desirable temperature for the development of
ruby color for soda-lime silicate glass. In the case of sodium borosilicate glass
of 75.0S5i10,-12.0B,03—-3.0A1,03—6.0Na,0—-4.0Sb,0; (wt%), on the other
hand, the heat treatment for the development of the gold ruby color is carried
out at a temperature around 800 °C for 10 min or a little longer [93].

The development of color or colloid formation for other metals and
semiconductor compounds occurs in a similar manner to this case, although the
suitable temperatures and times of the treatment differ from system to system
and must be experimentally determined case by case.

1.4.1.3 Phase separation

Another important thermal treatment is enhancement of glass-glass phase
separation. In some systems such as Na,O—SiO,, Li;O-Si0;, Na,0O—B,0;—
Si0,, Li,0-BaO-Si0,, etc., there are composition regions in which a glass
shows metastable immiscibility [96]. A glass of the Na,O-SiO, system, for
example, is single phase at a temperature above the solid curve shown in Fig.
1.23, but decomposes into two glassy phases when cooled to a temperature
range below the curve.



1.4 Secondary treatment for special functions 47

ool [
1

o i

Y I

5 700H |

£ | \

g- | \

5 | \

= 600 1 \
1 \
| 1
| 1

500l L %]

0 5 10 15 20
Na>O Mol %

Fig. 1.23. Metastable immiscibility cupola for Na,O-SiO, system. [Reprinted from V. N.
Filipovich, Phase Separation in Glass, ed. O. V. Nazurin & E. A. Pori-Koshits (Elsevier Science,
1984) p. 15, with permission of editors.]

There are two types of phase separation, spinodal decomposition and binodal
decomposition, depending on the composition and thermal history of the glass.
The phase separation by binodal decomposition proceeds in the regions be-
tween the solid and broken lines in Fig. 1.23 via nucleation and growth
mechanisms and gives a microstructure that consists of dispersed micro-
spherical glass particles in the matrix [96]. Spinodal decomposition proceeds
in the region inside the broken curves via a mechanism with no nucleation
process and gives the interconnected structure of glasses of two different
compositions [96]. Figure 1.24 shows examples of the morphology of the
microstructure of the phase-separated glasses produced by the respective
mechanisms [97].

Phase separation differs from the crystallization of a glass as in this case the
volume ratio of the two glass phases remains unchanged once it reaches an
equilibrium value determined by the composition of the original glass and the
temperature of treatment. However, the size and number of dispersed spheres
or the size of two interconnected phases changes with time during isothermal
treatment in such a way as to reduce the interfacial area between two phases.

As the eventual two glass phases differ in chemical composition, their
chemical durabilities are also different. Thus, we can obtain a porous glass by
leaching out one of the phases with acid. The representative of such a glass is
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Fig. 1.24. Electron micrograph of phase-separated glasses.

one which has the commercial name of Porous Vycor. It is obtained by
inducing spinodal decomposition of a glass of composition about 70SiO,—
25B,03;—5Na,0 (mol%) and subsequently leaching the sodium—borate-rich
phase to leave a skeleton of high silica glass of approximate composition
965i10,—-4B,0; (wt%) [98]. The typical temperatures for glass melting and the
heat treatment for phase separation are about 1400 °C and 500 ~ 600 °C
(4 ~ 24 h), respectively. The typical conditions of acid treatment for leaching
is for 24 ~ 72 h at 95 °C with hydrochloric acid of 1 ~ 3 N.

Some properties of Porous Vycor are shown in Table 1.19 along with those
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Table 1.19. Example of porous glasses and their properties

TiO,-Si0O,
Component Vycor type PPG High silica Shirasu Glass system™
[98] [99] [100] [101]
Si0, 55-80 (wt%) 30-50 (wt%) 49-50 (wt%) 26—34 (mol%)
(96.3) (97-98) (69-70) (50-62)
B,0; 22-33 40-60 15-16 5-7
(2.9) (1-2.5) 6-7) (<0.1)
AL O; 0-2 0-4 9-10 10-16
0.4) (0-0.25) (12-13) (0.1-0.2)
Na, O 7-10 7-10 4-5 -
(<0.2) (<0.1) (4-5)
K,0 - - 2-3 -
(B3-4)
CaO - - 17-18 22-28
(2-3) (0-0.3)
MgO - - -0.2 1.5-5
(<0.1) (0-0.2)
P,0s - - - 5-7
(<0.1)
TiO, - - - 17-26
(37-50)
Pore volume 0.2-1.0 (cm®/g) 0.4-0.6 0.4-0.6 0.3-0.5
Surface area 8-400 (m?/g) 200-300 0.2-8 120-150
Pore diameter 0.5-300 (nm) 0.5-20 200-1000 4-20
Maximum Temp. 800 (°C) 850 600 950
Durability stable to acid stable to acid stable to acid stable to acid
and base and base

* Glass ceramics.

of other porous glasses or porous glass ceramics based on phase separation.
The Porous Vycor used to be produced as the precursor for a high silica glass
which is obtained by sintering a porous glass into a pore-free one at a
temperature around 1000 °C. The eventual glass had thermal properties that
were comparable with silica glass and was used as an alternative to expensive
silica glass [102]. After the development of the CVD process, however, Porous
Vycor is seldom used as the precursor of silica glass, and is now used without
sintering to make use of advantages inherent in the porous structure. Examples
of applications of Porous Vycor in the preparation of glass with special
properties are for the fabrication of GRIN rods and Slab lenses [103]. An
excellent review on the theory and application of phase separation in glass is
found in the book edited by O. V. Mazurin and E. A. Porai-Koshits [96].
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1.4.2 Ion exchange

Mono-valent ions such as alkali, silver, copper, thallium, etc. in a glass are
easily ionized by thermal energy and migrate within a glass from one stable
position to another. Therefore, if a glass containing these cations is immersed
in a medium containing other mono-valent ions such as a fused salt bath of
alkali nitrate, chloride, etc., the exchange of ions in the glass with those in the
bath takes place [104]. The ion exchange thus leads to the modification of the
properties as the result of the change in chemical composition near the surface
of the glass.

If alkali ions of small size are partially replaced by ions of a larger size, e.g.
Na® by K™, the mechanical strength of the eventual glass increases [105] from
a few kgmm~2 before the treatment to about 40 kgmm~2 due to the develop-
ment of compressive stress at the glass surface. If ions of high index-modifying
ability are partially replaced by those of low index-modifying ability, e.g. T1*
by K™, Ag®™ by Na*, Li* by Na™, etc., the eventual glass has a gradient in the
refractive index which decreases from the center towards the periphery [106].
If ions of low mobility are totally replaced by those of high mobility, e.g., Na™
by Cu® or Ag", the electrical conductivity of the eventual glass increases
[107]. Thus the technique of ion exchange has been used in the development of
gradient-index glass rods reviewed in Chapter 2, as well as the development of
chemical-tempered glasses, optical waveguides, two-dimensional arrays of
micro-lens [108], etc.

The rate of ion exchange depends on the mutual diffusion constants of ions
which is given by Eq. (1.19) using self-diffusion constants of two ions A and B
as [109].

Dy = (dInas/dIn Na)DaDg/(NaDa + NgDg) (1.19)

where, Dy is the mutual diffusion constant, D4 and Dy are the self-diffusion
constants of ion A and B, N4 and Np are the mole fraction of ion A and B and
aa is the activity of ion A, respectively. The self-diffusion constants of the
alkali ions, Ds and Dg, are dependent on both glass composition and the
concentrations of the alkali itself, and vary with temperature according to the
Eq. (1.20),

D = Dyexp(—Ep/RT) (1.20)

where Dy is a constant, Ep is the activation energy of diffusion and R is gas
constant, respectively.

The values of Dy and Ep for various ions in some silicate glasses are
summarized in the handbook [110]. Some of the values related to the ion
exchange for strengthing or GRIN perparation are shown in Table 1.20. By
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Table 1.20. Values of Arrhenius parameters for the diffusion of various ions in
silicate glasses

Temp.

range Dy Ep
Composition (mol%) Species (°C) (cm?/s)  (Kcal/mol) Ref.
25K,0-75Si0, 2Na 250 ~ 450 0.109 25.5 [111]
2K 250~450 3.71 x 1074 15.7 [111]
15Na, 0-10K,0-75Si0, 2Na 250 ~ 450 0.13 243 [111]
2K 250 ~ 450 243 30.4 [111]
25Na, 0-75Si0, 2Na 250 ~450 8.19 X 10~* 154 [111]
2K 250 ~ 450 0.158 27.6 [111]
20.0Na, 0—-10.0Ca0-70.0Si0, Na*t 250 ~450 5.37 X 1073 20.5 [112]
15.5Na,0-12.8Ca0-71.7Si0, Cst 450 ~ 535 3x 1078 20.7 [113]
14.0Na;0-12.0Ca0-74.0Si0O, 2K 347~ 565 1.25 X 1072 30.1 [114]
18.5Na,0-7.4B,03—-74.1Si0, 2Na 381 ~565 3.5x1073 20.6 [115]
18.5Na,0-7.4B,03-74.1Si0, 2K 381 ~565 54x1072 29.2 [115]
29.8Na,0—10.45A1,05-59.70Si0, Nat  354~490 20X 1073 16.0 [116]
29.85Na,0—-10.45A1,03-59.70Si0, Agt  354~490 22X 1073 18.2 [117]
29.85Na0—-10.45A1,03-59.70Si0, K* 354 ~473 6.8 X 1073 23.1 [116]

calculating the diffusion constant D from the values in Table 1.20 using Eq.
(1.20), the values of D are in the range of 10~ ~ 10~!! cm? s~! in the vicinity
of the glass transition temperature of ordinary silicate glasses. These values of
1077 ~ 107" cm? s~! are not very large and sometimes it takes a few months
to complete the process for GRIN fabrication on a rod that is only a few
millimeters in diameter.

Equation (1.20) shows that the diffusion constant of an alkali ion increases
exponentially with temperature and so the ion-exchange can be enhanced by
raising the treatment temperature. However, the suitable temperature range of
ion exchange is not always the same and may differ depending on the
application. For example, ion exchange for chemical tempering must be carried
out at a temperature below the strain point of the glass, e.g. about 350 °C, to
hinder the relaxation of the developed stress, whereas ion exchange for the
formation of a gradient should be made at a temperature in the vicinity of the
glass transition temperature so that the stress developed by exchange is relaxed.

Ion exchange has long been used in various applications without paying
attention to the possible structural evolution of a glass. A recent study has
shown that the occurrence of structural alteration of the glass which accom-
panies the remarkable change of glass properties depends on the ions to be
incorporated [118]. Figure 1.25 shows an example of this structural alteration
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Fig. 1.25. Change of IR spectra with Na* = Ag™ ion-exchange. [Reprinted from M. Yamane,
S. Shibata, A. Yasumori, T. Tano and H. Takada, J. Non-Cryst Solids, 203 (1996) 268, copyright
(1996) with permission from Elsevier Science.]

observed by the Na™ — Ag™ exchange in a sodium silicate glass of composi-
tion 33Na,0—-67Si0, (mol%). The reflected infrared spectrum varies in a
complicated manner due to the exchange of Ag®™ for Na'. The structural
evolution by the total replacement of Na* by Ag* led to a large reduction of T,
by nearly 200 °C, i.e. from the 460 °C of the original glass to 250 °C and the
thermal expansion coefficient decreased from 12 ppm°C~! to 6 ppm °C~!.

The electrical conductivity increased by about four orders of magnitude by
the exchange of Na™ ions in a glass of composition 20Na,O—10A1,05;—-70Si0,
(mol%) with Cu™ ions using a fused salt bath consisting of a mixture of CuBr
and Cul under a nitrogen atmosphere [107]. These results suggest further
possibility for the application of the ion-exchange technique to the production
of new functional materials with special properties.
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2

Gradient index glass

Introduction

In a conventional optical system, the refractive index within each optical
component is considered to be homogeneous. In the design of such systems,
the curvatures, thickness, and refractive index of each component are varied
independently to optimize the performance of a lens system. It is possible, on
the other hand, to manufacture lens elements whose index of refraction varies
in a continuous way as a function of spatial coordinate. Such materials, which
are often said to be GRadient INdex (GRIN) materials, have various advantages
for use in both focusing and imaging purposes.

There are three types of refractive index gradients depending upon the type
of symmetry [1-3]. The first is the axial gradient (a-GRIN), in which the
refractive index varies in a continuous way along the optical axis. These
gradients are particularly useful for replacing aspheric surfaces in monochro-
matic systems, e.g. in collimators for laser beams.

The second type of gradient is the radial gradient (r-GRIN). The refractive
index 7 in this case varies perpendicular to and continuously outward from the
optical axis. This type of gradient index lens, often called a GRIN rod lens
when the diameter is small, exhibits the property that light propagating parallel
to the optical axis of symmetry can be focused periodically if » varies as an
appropriate function of its radial distance from the axis of symmetry. The main
applications of gradient index materials in use today are based only on this type
of gradient. In this type the problems of manufacturing large geometry lenses
has been the limiting feature in implementing gradient index optics in photo-
graphic systems for many years. There are now numerous techniques which
enable the fabrication of many different r-GRIN glass materials.

The third type is the spherical gradient (s-GRIN), where the refractive index
n is symmetric about a point. Although no optical example of the full spherical
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2.1 Applications 59

gradient has ever been developed, a two-dimensional array of microlenses with
a hemispherical gradient index have been developed for various attractive
applications.

This chapter reviews the major current application of r-GRIN glass mater-
ials, the design of gradient index profiles, and the processes and parameters for
fabricating them.

2.1 Applications

The applications of r-GRIN materials are divided into two major areas. The
first applications are for focusing purposes. In this case, GRIN rod lenses of a
small diameter and flat surface are currently used for optical telecommunica-
tions, signal processing [4—6], and micro-optical devices such as an optical
disk [7-9]. If the gradient index profile is chosen properly, the propagation
path of the light ray varies sinusoidally along the rod axis. Using such lenses,
collimated light can be focused or diverging light can be collimated, like a
convex lens. Such lenses are therefore useful for focusing or collimating light
emitting from a narrow-diameter source such as an optical fiber and a laser
diode, for optically coupling a light source with an optical fiber and for
coupling two fibers, as shown in Fig. 2.1. Various designs for such GRIN rod
lens devices, including connectors, attenuators, directional couplers, switches,
isolators and wavelength-division multiplexers, have been proposed [10].

=

GRIN rod lens

Laser diode

Optical fiber
/ j

GRIN rod lens

Optical fiber [ Optical fiber
IR
\—-—._._———'/
GRIN rod lens

Fig. 2.1. Schematic cross section of a coupler and collimator using GRIN rod lenses with small
diameter and flat surface.
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The second major applications are for imaging purposes. These applications
are subdivided into two sections. One is a most important and commercially
successful application of small-diameter GRIN lenses in copy machines [11]
and facsimiles [12]. The single imaging lens in copy machines is replaced by a
two- or three-row array of GRIN rod lenses 1 cm long and 1 mm in diameter.
This array forms an image in a similar manner to insect eyes by superimposing
parts of the image through each of the rod lenses. An assemblage of 600 to
2000 rod lenses can obtain a field of view as wide as a 36-inch-wide sheet of
paper. The most important feature of the GRIN lens array is that the distance
from the original surface to the image surface, namely the conjugate length, is
short. When a conventional lens is used in a copy machine, its conjugate length
becomes as long as 600 ~ 1200 mm, whereas in the case of a GRIN lens array
the conjugate length is less than 60 mm and a very compact imaging system
can be obtained. Recently copy machines used for office work have been
required to be capable of magnifying operation, and so the use of GRIN lens
arrays is now limited to compact copy machines.

The r-GRIN material is also useful as a part of the camera lens and the
photographic objective lens [13]. The number of lenses can be reduced by a
factor of two and enormous weight and cost savings can thereby be achieved if
a sufficiently large-diameter r-GRIN material can be fabricated. As shown in
Fig. 2.2 for instance, the new double Gauss photographic objective consisting

Fig. 2.2. Configurations of (a) new double Gauss photographic objective, and (b) GRIN
photographic objective. [Reprinted from L. G. Atkinson, S. N. Houde-Walter, D. T. Moore, D. P.
Ryan and J. M. Stagaman, Appl. Opt. 21 (1982) 993, copyright (1982) with permission from the
Optical Society of America.]
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of six elements can be configurated by the combination of only two r-GRIN
lenses and the third-order spherical aberration, coma, astigmatism and Petzval
field curvature are all corrected to less than 1 um [13]. By suitable selection of
design parameters, chromatic aberration can also be corrected [13]. Another
example is the application of GRIN lens to a zoom lens, which provides a
reduction in the total lens length of the system by 40% [14].

2.2 Design of radial gradient index profiles

When light enters a GRIN material in which n decreases along the radial
distance from the central axis, it will be bent toward the axis. The property of
special interest is that all rays starting at a given object point at one end
converge to a single image point at the other end, that is, all rays propagate
with the same period (pitch) of p = 27/ g. Thus parallel rays focus at a point
as if they had passed through a conventional lens, and alternately and period-
ically converge and diverge. For meridional rays (rays lying in a plane contain-
ing the lens axis), the ideal index profile satisfying the conditions described
above is represented in the form of a hyperbolic secant as follows [15, 16]:

n(r) = n% sech? (gr)
= ng[1 — (gr)? + ha(gr)* — he(gr)® + .. ] (2.1)
when ng is the refractive index at the center axis, r is the radial distance from
the rod center axis, g is a focusing constant determining the power of the lens,
and h4(=2/3) and he(= 17/45) are higher order dimensionless parameters.

For helical rays (rays that spiral down the lens at a constant radius) the ideal
distribution is of the form

n*(r) = ng[1 + (gr)’]”!
=ng[l — (g +(gnN* —(gN° + .. .1 (2.2)
It is clear that there is no gradient index profile that can provide perfect
imaging for all rays.
In the paraxial approximation and if small index changes are considered, the
index distribution can be closely approximated by a parabola

n*(r) = ng(1 = (gr)) (2.3)
or [17]
n(r) = no{1 — (g*/2)r*} (2.4)
or [13, 18]
n(r) = Noo + Nigr? + Nogr* + ... (2.5)
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By analogy with lens optics the term ngry is called the numerical aperture
(NA) of the r-GRIN lens.

2.3 Parameters for fabrication of index gradient
2.3.1 Gradient index profile

The most important parameter of the GRIN materials is the gradient index
profile. According to the Lorentz—Lorenz formula, the refractive index of a
substance is related to the number of constituent ions (»;) and to their
electronic polarizabilities («;) by the following equation [19]:

(n* = D)(n* +2) = (47/3) Y _ Niay;. (2.6)

A given gradient index profile can be developed therefore, by the precise
control of the concentration profile of the constituent ions (index-modifying
ions). The shape of the concentration profiles can be controled by the simple
diffusion process of the index-modifying ions.

From elementary diffusion calculations [20], if the concentration of inter-
ested ions C(r, ?) is initially uniform C; throughout the rod radius ry and Cy at
the surface, the boundary conditions are

C(r,t)y=Co, r=r9, t>0 (2.7)
Clr B)=Cy, 0<r<ry t =0 2.8)

and the solution of the diffusion equation for a rod of finite radius (r < ry) is
then expressed as the following equations,

{C, 1) = Co}/(C1 = Co) =2 exp(=PLTOIo(Brs ¥)/Puli(B)] (2.9)
n=1

where T is the diffusion parameter (= Dt/ r%), B, are roots of Jo(B,) =0, x is
the radial parameter (= r/ry), Joy is the Bessel function of the first kind of
order zero, D is the diffusion coefficient, ¢ is the treatment time, J; is the
Bessel function of first order and ry is the rod radius. Figure 2.3 demonstrates
how variations in Ty affect the concentration profiles for a r-GRIN material
along its radial distance. The concentration profile still remains flat near the
center at 7y << 0.05, but seems to be parabolic at 7¢ > 0.05.

If the refractive index depends linearly on concentration, then a given
concentration profile can be translated into that of a refractive index profile,
n(r, t). At the appropriate diffusion parameter, 7 (larger than 0.05), Eq. (2.9)
can be expressed as a power series in the radial parameter x (= r/ry) [17],
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Fig. 2.3.  Variations of concentration profile with variations in 7%.

{Clx, 1) = Co} /(C1 = Co) =2 exp(—BATo{1/BnJi(Bn)}y  (2.10)
n=1
y = 1/IBn/27(r/ o) = (/2% (Bu/2)*(r/ r0)?*

+(1/30B,/2)°(r/r)® — ... (2.11)
Then, if the secondary differential of Eq. (2.11) is zero,
&y/dr? = (Ba/22 = 3(B4/2%(r/10)* + (5/6)(Ba/ D (r/ro)* — ... =0
(2.12)

and (r/ry) = 0.82. Thus, the inflection point in the concentration curve, i.e. in
Eq. (2.11), appears at » = 0.82 ry, suggesting that an approximately parabolic
refractive index distribution over 80% of the diameter of the r-GRIN materials
will be produced by the diffusion process [21].

Since the primary interest is a radial parabolic index profile given by Eq.
(2.3), the best fit may also be achieved by minimizing the standard deviation,
defined as [22]

1/2
dS = > {n(x, 0 — no(1 — &xH}*/N| . (2.13)

Figure 2.4 shows the variations of the focusing constant g and the standard
deviation dS as a function of the diffusion parameter 7r when the least-squares
parabolic fit of Eq. (2.9) within 60% radius from the center axis was carried
out under the condition that the maximum index difference between the center
and the periphery, An is 0.03 [23, 24]. The results indicate that the best fit
parabolic case is obtained at 7¢ = 0.1.
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Fig. 2.4. Focusing constant g and standard deviation dS as a function of diffusion parameter 7%
(4n =0.03, rp = 1 mm). [Reprinted from Y. Asahara and S. Ohmi, A digest of the technical

papers, the forth topical meeting on gradient-index optical imaging systems, Monterey (1984)
ThE-B1, coypright (1984) with permission from the Optical Society of America.]

2.3.2 Maximum index difference

The second parameter that should be considered is the maximum index
difference, An, between the center and the periphery of the GRIN rod. This
parameter is closely related to the refractive index at the center axis of the rod
ny, the focusing constant g and thus the numerical aperture of the r-GRIN lens
nogro. If an index-modifying ion is very polarizable and diffuses with ease in
glass above the annealing temperature, the concentration gradient of the ion
resulting from diffusion will cause a large variation of the refractive index. The
ionic radii [25], electronic polarizabilities [25] and refractive constant [26] of
index-modifying ions are listed in Table 2.1. Thallium, cesium, silver and in
some cases, lead, germanium and titanium are selected as refractive index-
modifying ions because of their degree of polarizability and mobility in glass.

2.3.3 Chromatic property

The chromatic aberration is another important parameter in addition to the
precision of the refractive index profile, geometry and An, that must be taken
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Table 2.1. lonic radii and electronic polarizabilities of index-modifying ions

[25, 26]
Electronic Refractive constant Dispersion constant

Ionic radius [25] Polarizability [25] [26] [26]
lon (4) (4% ad ar-c
Lit 0.78 0.03 4.60 0.10
Na* 0.95 0.41 6.02 0.16
K* 1.33 1.33 9.54 0.20
Rb* 1.49 1.98 12.44 0.24
Cs* 1.65 3.34 17.48 0.31
T+ 1.49 5.20 31.43 2.55
Agt 1.26 2.4 15.97 0.63

Mg+ 0.78 0.09 - -
Ca** 0.99 1.1 12.66 0.26
Sr?+ 1.27 1.6 16.50 0.33
Ba?* 1.43 2.5 19.80 0.34
Zn>* 0.83 0.8 12.20 0.34

Cd**+ 1.03 1.8 - -
Pb>*+ 1.32 4.9 28.41 1.30
Sitt 0.41 0.017 12.51 0.19
Ti*+ 0.68 0.19 25.00 1.34
Ge*" 0.53 - 17.47 0.42

into consideration in the fabrication of r-GRIN lens elements for imaging
applications such as cameras, binoculars and color copiers. The dispersion
ng — nc and Abbe number, which represent chromatic properties, usually vary
along the radius in the GRIN materials, based on the concentration gradient of
the index-modifying ions.
The total paraxial axial color (PAC) of a gradient index lens is given by [13]
PAC = Y(A Dyt + ADgraq) (2.14)
where Y is a constant related with the height of the axial ray and its final angle.
ADgyr and ADg,q are the difference in power of the surfaces and in the power
of the GRIN profile respectively, due to each wavelength-dependence of the
base index Ny and of the coefficient Ny in Eq. (2.5) and are given by
Aqurf = gpsurf/V (215)
ADygrag = Dgraa/ Vio- (2.16)
Here @g,r and Pgrq are the power due to the surface and the gradient
respectively, V' is the Abbe number of the base index Ny
V' = (Nooa — 1)/(Noor — Nooc) (2.17)
and V' is the dispersion for coefficient Nyq
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V1o = Nioa/(N1or — Nioc)- (2.18)
The total PAC for a radial gradient lens singlet will be eliminated if
Dt/ V = —Dgraa/ V1o- (2.19)

The dispersion change of some univalent and divalent ion-exchange pairs can
be estimated from the parameter ar_c in Table 2.1 given by S. D. Fantone [26].
The chromatic aberration of r-GRIN lenses can be minimized by selecting a
suitable ion-exchange pair for a given base glass, just in the same way that the
chromatic aberration of the achromatic lens is canceled by the combination of
concave lens (high index, low dispersion) and convex lens (low index, high
dispersion) [27-30].

2.3.4 Stress

The concentration gradient of index-modifying ions produces not only a
change of optical properties, but also a change of other material properties with
respect to the variation of the glass volume. One of the most important
properties caused by the concentration gradient is the stress, which builds in a
birefringence in GRIN materials via a photoelastic effect. In the simple
interdiffusion process, the reduction in the amount of index-modifying ions is
compensated by the counter-diffusing ions. Therefore, there is less difference
in density between the center and the periphery. Two factors may be responsible
for the stress: the ionic radius mismatch and the thermal expansion mismatch.
When the interdiffusion temperature is much lower than the stress relaxation
temperature or when the viscosity of glass is very high, for instance, in an
alkali-free high-silica glass, the surface cannot expand freely and the ionic
radius mismatch results in compressive or tensile stress in the periphery. In
most cases, since the interdiffusion temperature is near the stress relaxation
temperature, the glass accommodates the interdiffusion of two ions and no such
discrepancy was observed. Thus the permanent stress which develops in r-
GRIN materials is attributed to the change in the thermal expansion coefficient
from the center toward the periphery caused by the thermal expansion
mismatch. When the sample is cooled down from the interdiffusion tempera-
ture, this effect will generate stress. With the exception of any special case, the
stress is usually compressive or much smaller than the strength of the materials,
so that it can be ignored.
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2.4 Materials and fabrication techniques
2.4.1 Ion exchange

2.4.1.1 Conventional ion-exchange technique

The most common technique for fabricating GRIN materials is by an ion-
exchange process [17] as shown in Fig. 2.5. This is probably the most widely
used technique because it is the simplest in terms of instrumentation and
control. In the simplest configuration, a glass containing a highly polarizable
and monovalent ion such as cesium or thallium is immersed in a molten salt
bath containing another low polarizable ion such as potassium or sodium. In
this process, ions from the salt bath diffuse into a glass and exchange for index-
modifying ions in the glass and therefore a gradient in composition is created.
The temperature of the treatment is chosen within the range to increase the
interdiffusion rate and to relax the stress in the glass that is induced by the ion
size mismatch. The refractive index profile is mainly determined by the
distribution of index-modifying ion in the glass rod. Lenses with a nearly
parabolic index profile were fabricated using this technique on thallium-
containing borosilicate glasses [17].

A gradient index lens with high numerical aperture and also with desirable
higher order parameters has been fabricated by a new modified ion-exchange
technique [31, 32]. In this technique, a glass rod containing a highly polarizable
ion is immersed in a KNOj3 salt bath containing an ion with a medium

Glass rod containing
highly polarizable ion Na20-T120-Pb0-Si02

glass rod

y
lon exchange: pr— —
formation of concentra-
tion gradient

KNO3, 460 °C, 250 h

?r
GRIN glass rod

Fig. 2.5. lon exchange process for fabricating r-GRIN rod.
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electronic polarizability. The medium polarizable ion penetrates only into the
marginal region of the rod and modifies the inappropriate index gradient in this
region. The GRIN lens fabricated by the modified technique has a high
numerical aperture and a low sperical aberration.

These lenses, however, suffer from severe chromatic aberration in optical
image transmission under white light. The dispersion at the periphery is lower
than that at the center because the ion with high electronic polarizability was
decreased by ion exchange. For instance, the Abbe number of a GRIN rod lens
based on thallium-lead silicate is calculated to be 37.6 at the center and 43.0 at
the periphery of the rod [17].

The chromatic aberration of these lenses can be minimized by selecting a
suitable ion-exchange pair for a given base glass. As is clear in Table 2.1, one
example is a K*—Cs™' exchange, which suffers much less chromatic aberration
than a lens with conventional K*-TI" exchange and similarly produced
achromatic GRIN lenses [33]. Another example is the fabrication based on ion
pairs of Li*t and Na™ [34, 35].

Lenses of 1~4mm diameter, g=~0430 mm~!, ny=~1.66 and
NA = ~0.60 have been made by the ion-exchange technique and are now
successfully commercialized [36]. These lenses find unique applications in the
field of micro-optics devices such as lens arrays for copy machines, relay rods
for endoscopes, pickup and recording lenses for compact discs, and connectors
for optical communications.

2.4.1.2 Modified ion-exchange technique

The ion-exchange technique has limitations for large geometry lenses, which
creates severe problems for radial gradients in photographic applications. The
maximum diameter of rod lenses produced by this technique has been only a
few millimeters or even less. The difficulty is due to the low diffusion
coefficient of the index-modifying ions, although this depends also on the
temperature and base glass. Various attempts have been made to reduce the
fabrication time in ion-exchange processes.

One possible method is to carry out the ion exchange at a temperature above
the glass transition point. The quick formation of an index profile is possible by
the increase of mutual diffusion coefficients of ions by two to three orders of
magnitude compared with the exchange at a temperature below T,. Lenses of
20 mm in diameter have been obtained by ion exchange at well above the glass
transition temperature T, for 18 days [37].

Ion exchange of Agt—Na™ is thought to be of possible use for making GRIN
rod lenses of large diameter because of their high interdiffusion coefficients in
the glass. Although the ionic radius of Ag™ is smaller than that of K, the ionic
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radius mismatch is less pronounced than that of the Na™—K™ pair. In most
cases, the stress is compressive and much smaller than the strength. AgT—Na™
exchange yields satisfactory values of An and the stress effects are negligible
compared with the polarizability change. Lenses of about 4 mm in diameter
with An of 0.04 have been prepared by exchanging Na™t for Ag*t at 480 °C for
72 h on an Ag,O—Al,03—P,0;5 system [38]. Assuming the diameter required
for GRIN lenses for cameras and microscopes to be 15 mm, the fabrication
time is estimated to be about 1100 h, which is a great saving of fabrication time
over K™—TI" ion exchange. Although the index distribution is concave, rod
lens of 37 mm in diameter was obtained, using a cylindrical rod of alumino-
silicate glass of 40 mm in diameter and 50 mm long and Ag*—Na* exchange
process only for 960 h [39].

The problem with ion exchange in a silver-containing system is that it is not
possible to melt large amounts of Ag,O into silicate glass. The Ag ions are
reduced in the glass and tend to be colloidal, so that a sufficiently high
concentration of the Ag ions cannot be readily introduced into the glass by
conventional melting and cooling processes. Therefore, aluminophosphate
glass is the only system that can be made by this technique [38, 40]. Another
problem to be noted concerning this technique is that the surface of the glass
rod is severely attacked by molten salt and the diameter of the eventual rod is
remarkably reduced. For instance, an original diameter of 4.8 mm changed to
4.0 mm during the ion exchange [38].

A modification of the ion-exchange process for improving the problem of
Ag reduction is a double ion-exchange technique [41,42]. The process is
composed of two steps. The starting material is a stable and optically
homogeneous glass containing, for instance, about 40 mole% of Na,O. The
glass rod is initially immersed in a molten salt bath containing AgNO; and Ag
ions are diffused into the glass rod until the concentration of Ag ions becomes
uniform (ion stuffing). The rod is then soaked again in a salt bath containing
NaNOj; and the Ag ions in the glass structure are redissolved (ion unstuffing).
The concentration gradient is controllable at this step by adjusting the
treatment temperature and time, in the same way as in the ion-exchange
process. The diffusion coefficient of Ag ions crudely calculated from the
concentration profile is 6.5 X 1078 cm?/s. This value is much higher than the
interdiffusion constant of a TI"™-K™ ion pair during the conventional ion
exchange.

Although this technique requires a relatively long fabrication time due to a
very long extra step for ion stuffing, this technique offers the possibility of
making large diameter GRIN rod lenses. A rod lens of 9.7 mm diameter was
fabricated by stuffing for 1200 h and by unstuffing for about 100 h. For a lens
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18.8 mm long, aberration on the center axis is within 50 um, the value of g is
0.050 mm~' and the numerical aperture is 0.44. A rod lens of ~16 mm
diameter has also been made by this technique [43, 44]. Figure 2.6 shows
photographs using GRIN rod lenses of 9.4 mm and 16 mm diameter. The
chromatic problem still remains as in the case of the ion-exchange process. The
Abbe numbers were 25.4 at the center and 32.4 at the periphery of a rod made
by double ion-exchange process.

2.4.2 Molecular stuffing technique

A molecular stuffing technique has been developed in principle for fabricating
fibers [45] and has been applied to the fabrication of r-GRIN Ienses
[23, 24, 46]. The process consists of depositing an index-modifying dopant
from the solution into a porous glass preform prepared by using the phase-
separation and leaching process. The porous glass rod is first immersed in the
aqueous solution of index-modifying dopant. The solution is allowed to diffuse
into the pores until the concentration of the index-modifying dopant is uniform
(the stuffing process). CsNOj3 or TINOj is usually used as a refractive-index-
modifying dopant because of its high refractive index and its high solubility in
water. The rod preform with the dopant in its porous structure is then soaked in
a solvent such as 40 vol% ethanol-water mixture at 70 °C (the unstuffing
process) and the concentration profile of the dopant is changed along the radius
by redissolution of the modifying dopant. The rod preform is then immersed

welocities make them unsatista
glasses, Hoover and Noréberg‘"fduaq ‘experg
content in a glass composition wit 10
following eguation (when the P} C

. ~75-(K,o+2.5 Na,0+3Li,0)
O+Na,0+Li,0) !

Fig. 2.6. Photographs taken using GRIN rod lenses. (a) 9.4 mm diameter and (b) 16.0 mm
diameter. [(a) reprinted from S. Ohmi, H. Sakai, Y. Asahara, S. Nakayama, Y. Yoneda and T.
[zumitani, Appl. Opt. 27 (1988) 496, copyright (1988) with permission from the Optical Society
of America.]
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into a solution which has a low solubility for the modifying dopant such as
ethanol or methanol at 0 °C so that the remaining dopant in the pores is
precipitated and stabilized (the precipitating process). Finally, the doped pre-
form is dried at a low temperature to remove any trapped solvent and heated at
850 °C to collapse the pore structure, which produces a solid glass rod (the
consolidation process).

Fitting the index distribution, for instance in the case of TINO;-doped rod of
3.4 mm in diameter, in Eq. (2.3) by the least squares technique, the optimum
unstuffing time is found to be 7.5 min. Relating the optimum unstuffing time to
the theoretically expected diffusion parameter, the diffusion coefficient of the
dopant can be calculated. The results at 70°C are: D(TINO;3;) =8 X
107% cm? /s and D(CsNOs3) = 5 X 107® cm?/s. These values are much larger
than those of TI™ and Ag™ at the glass transition temperature. GRIN lenses
with a large diameter of ~5 mm have been made using this technique.
Although the effective region of this lens is limited to around 60% of its radius,
the standard deviation is of the order of 10~ in this region. Uni-directional
gradient index slab lenses (2.5 ~ 3.4 mm in thickness) with parabolic index
profiles have also been fabricated by using this process and are expected to be
used to produce a multiport LD module [24]. The disadvantages of this method
are that the procedure is rather complicated and the unstuffing time is too short
to control the concentration profile precisely.

2.4.3 Sol-gel technique

The fabrication of r-GRIN elements by the sol-gel process has been studied
over recent years using two different methods to form the refractive index
profile [47]: (1) partial leaching of index-modifying cations from an alkoxy-
derived wet gel; and (2) interdiffusion of index-modifying cations in the liquid-
filling micropores of a gel that is formed using an aqueous metal salt solution
as the source of cations.

2.4.3.1 Partial leaching technique

A fabrication process of GRIN rod lenses by the partial leaching technique
consists of the following step [48, 49]: (1) formation of a cylindrical wet gel
from alkoxides of Si, Ti, Al, Zr, Ge, etc. in a plastic mold; (2) selective
leaching of index-modifying cations such as Ti and Ge, by soaking the gel in a
dilute acid; (3) washing and drying of the wet gel; and (4) sintering of the dry
gel to glass. The typical fabrication time to obtain r-GRIN rods of a few
millimetres in diameter is about 2 weeks. This includes leaching for 5 ~ 15 h
to form the compositional gradient of the index-modifying cations. The
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diffusion coefficient of the index-modifying ions is estimated to be
4 X 1077 cm?/s during the index gradient formation. These values are much
larger than those in the ion-exchange process.

Rods of, for instance, about 2 mm in diameter, 20 mm in length and with a
difference of refractive index between the center and the periphery An of about
0.02 have been fabricated using this process [50]. The rods have a smooth and
nearly parabolic index gradient, which can be approximated as [48, 49, 51]

n(r) = noll — (r/ro) 2], (2.20)
The resolution of the lens was calculated to be higher than 100 lines mm™".
The GRIN lens shows a high coupling efficiency with optical fibers as well as
good beam collimation properties [52].

GRIN rods of 3 ~ 7 mm in diameter were also fabricated by the partial
leaching technique from alkoxy-derived gels of ternary and quarternary silicate
systems containing TiO; or ZrO; as the primary refractive index modifier [53].
The introduction of alkali into the Ti0,—Si0, system is effective in eliminating
the crystallization and enables the incorporation of a large amount of Ti, which
is essential to the fabrication of GRIN rods with a large value of An. The
possibility of fabricating a GRIN rod with An as high as 0.08 has also been
suggested [47].

The stress attributed to the less dense structure of the gel nearer the edge
than at the center is inherent in the leaching method and becomes larger as the
An increases. This stress can be relaxed, in principle, if the glass is annealed at
a higher temperature for a longer time but the stress relaxation is very slow
when the viscosity of the glass is very high and often remains uncompleted in
an alkali-free high silica glass. Assuming the mechanical properties of the
alkali titanium silicate system, the fabrication of GRIN rods with a diameters
as large as 25 mm should be possible, if the cooling is carefully carried out
after sufficient removal of residual stress [47].

2.4.3.2 Interdiffusion technique

Preparation of GRIN rods by the interdiffusion of index-modifying cations has
been studied over the past 10 years [54—60]. The flow chart of a process is
illustrated in Fig. 2.7 [47]. A wet gel of the PbO-B,0;-SiO, system is
prepared from the precursor solution consisting of tetramethoxysilane (TMOS),
tetraethoxysilane (TEOS), boronethoxide, and aqueous lead acetate solution.
After being aged for a few days the wet gel is treated first with an aqueous
solution of lead acetate, an isopropanol and water solution to remove acetic
acid, and then soaked in the isopropanol—acetone system for precipitation of
lead acetate in microcrystallites on the micropore wall of the wet gel. The gel
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Cylindrical wet gel formation
TMOS, TEOS, B(0Et)3, Pb(0Ac)2 ag., AcOH

.
Extraction of AcOH, 60 °C

sat. Pb(0Ac)2/i-PrOh, H20

1
Precipitation of Pb(0Ac)2
30 °C i-PrOH, Acetone

I
Formation of concentration gradient
60 °C (KOACtACOH) /EtOH solution

[

Temporary Tixing of concentration gradient
30 ¢ i-PrOH, Acetone

[

Modifying of concentration gradient
KOAc/EtOH solution
I
Fixing of concentration gradient
i-PrOH, Acetone

I
lDrying (60 °C) & sintering (570°C) l

GRIN glass rod

Fig. 2.7. Fabricating process of GRIN rods by sol-gel process based on the interdiffusion of
Pb>* and K* ions. [Reprinted from M. Yamane and S. Noda, J. Ceram. Soc. Jpn. 101 (1993) 11,
copyright (1993) with permission from the Ceramic Society of Japan.]

thus treated is next soaked in an ethanolic solution of potassium acetate to form
the compositional gradient within the gel. The compositional gradient is
temporarily fixed by replacing the acetone by ethanol in the micropores and
then modified by soaking again in the ethanolic solution of potassium acetate.
After a final fixing of the compositional gradient, the gel is dried at 30 °C and
sintered for densification at 570 °C.

The temporary fixing of the compositional gradient of index-modifying
cations and another soaking of gel in the potassium acetate bath are necessary
to modify the concentration gradient of lead near the periphery [55]. The
process is further improved by replacing half of the potassium acetate by acetic
acid during formation of the compositional gradient [59, 60]. The acetic acid
controls the solubility of lead acetate within the gel during the subsequent
treatment to fix the compositional profile with the isopropanol-acetone system
solution and hinders the diffusion of lead ions in the vicinity of the periphery
of the gel.
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r-GRIN lens
f=28mm, F/2.8

Fig. 2.9. Composition of optical system for a practical test of the performance of a GRIN lens
on a compact camera. [Reprinted from M. Yamane, H. Koike, Y. Kurasawa and S. Noda, SP/E
vol. 2288, Sol-Gel Optics III (1994) 546, copyright (1994) with permission from the Society of
Photo-Optical Instrumentation Engineers.]
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Fig. 2.10. Profile of refractive index dispersion in the GRIN rod of PbO-K,0-B,0;-SiO,
system. [Reprinted from M. Yamane and S. Noda, J. Ceram. Soc. Jpn. 101 (1993) 11, copyright
(1993) with permission from the Ceramic Society of Japan.]

Fig. 2.8. Controlled concentration profiles of lead and potassium ions (a), thermal expansion
coefficient (b) and refractive index profile (c) in the GRIN rod fabricated by the sol-gel
interdiffusion technique. [Reprinted from M. Yamane, H. Koike, Y. Kurasawa and S. Noda, SP/E
vol. 2288, Sol-Gel Optics III (1994) 546, copyright (1994) with permission from the Society of
Photo-Optical Instrumentation Engineers.]
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Concave lens
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Fig. 2.11. Design of a conventional achromatic lens (a) and a design to achieve a concentration
distribution having a low dispersion distribution (b). [Reprinted from H. Kinoshita, M. Fukuoka,
Y. Morita, H. Koike and S. Noda, Proceedings SPIE 3136, Sol-Gel Optics IV (1997) 230,
copyright (1997) with permission from the Society of Photo-Optical Instrumentation Engineers.]

GRIN rods of about 13 mm in diameter and 25 mm in length can be
fabricated by this process starting with the formation of a wet gel of about
35 mm in diameter and 50 mm in length from the precursor sol of nominal
composition 26PbO—-7B,03—-67Si0; (mol%). From the optimum soaking time
of 8 ~ 16 h for the formation of the compositional gradient, the diffusion
coefficient is calculated to be 0.7 ~ 1.5 X 107% cm? s~!, which is very much
larger than those of the index-modifying ions in the ion-exchange process but
smaller than in the molecular stuffing process.

The concentration profile of lead and potassium ions and the refractive index
profile along the diameter of the rods are respectively shown in Fig. 2.8 [60].
The smooth and large change in refractive index over nearly the entire diameter
from the center toward the periphery, i.e. An of about 0.095 and the effective
diameter as large as 12 mm, is favourable for application as an imaging lens
element.

For the fabrication of GRIN rods with a larger An and larger diameter, it is
also necessary to control the thermal expansion coefficient in the radial
direction, as mentioned in Section 2.3.4. According to A. A. Appen [61], PbO
is the major factor which influences the refractive index, whereas K,O has the
largest effect on the thermal expansion coefficient. As shown in Fig. 2.8(a),
the gradient of the potassium ion is much smaller than expected from the
lead concentration profile. Owing to this decrease in potassium concentration
near the periphery, the thermal expansion coefficient of the material decreases
and becomes almost constant throughout the diameter of the rod as shown in
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Fig. 2.8(b). The fabrication of GRIN rods of a PbO-K;,O-based system with
diameter of 20 ~ 25 mm should be possible by optimizing the sintering and
cooling conditions. The performance test of the lens on a compact camera that
is shown in Fig. 2.9 demonstrated that the refractive index profile of the GRIN
rod is satisfactory for application in practical optical systems.

Figure 2.10 shows the profile of refractive index dispersion, nar—7He Ne,
determined for the wavelength of an Ar laser (488 nm) and a He—Ne laser
(633 nm) in a GRIN rod of the PbO-K,0-B,03-Si0; system [47]. The large
decrease in dispersion from the center towards the periphery is due to the
changing lead concentration. As already mentioned in Section 2.3.3, the
chromatic aberration of the r-GRIN lenses can be minimized if a parabolic
refractive index profile can be formed by a convex distribution of low
dispersion ions (e.g. Ba?>") and a concave distribution of high dispersion ions
(e.g. Ti*"), in the same way as for the combination of an achromatic lens (Fig.
2.11(a) and (b)) [27—30]. A GRIN fabrication that is based on the ion pairs of
such multivalent ions can only be carried out using the sol-gel interdiffusion
technique, in which the formation of a concentration profile of index-modify-
ing cations is made in the precursor gel regardless of the valence of the cations.
Most recently, r-GRIN materials with a low dispersion distribution were
successfully fabricated using the ion pair of divalent Ba?>*—Ti*" in a sol-gel
process [27,29]. This lens has a dispersion distribution in the low dispersion
region (V' < Vyp), which should be particularly useful for the lens (effective
diameter: 4 mm) in video cameras [28, 30].

2.4.4 Comparison between various fabrication techniques

Table 2.2 summarizes the merits, demerits and some other features of the
various fabrication techniques that are used to make r-GRIN glass materials.

2.5 Spherical gradient index lens

One example of a practical spherical gradient lens is a planar micro-lens used
in two-dimensionally arrayed devices, which is fabricated using the following
steps. A thin metal mask preventing the diffusion of index-modifying ions is
first coated on the substrate and then many small apertures of submillimeter
diameter are patterned on it using a photolithography technique. Next the
substrate is immersed in a molten salt bath at high temperatures. In this
process, index-modifying ions in the molten salt, for example, Ag"™ or TI™,
diffuse into the glass substrate through the mask aperture and form a hemi-
spherical distribution for the refractive index [63].



References 79

If the aperture is small enough compared with the diffusion length, the
aperture acts as a small diffusion source with radius 7y,. The dopant concentra-
tion at time ¢ is given by the equation [20]

C(r, t) = Co(rm/r)erfc{(r — rm)/Z(Dt)l/z} (2.21)
where r is the distance from the center of the diffusion source, and D is the
diffusion constant. The preliminary experiment was made on a planar BK7
glass and TI™ molten salts [63]. The depth of the gradient index region was
however, not large (~0.4 mm) compared with the lens diameter.

The electro-migration technique is effective in making a lens that has a large
diffusion depth in a reduced fabrication time. In this technique, the electric
field £ = ry Vs is applied to the substrate in the thickness direction and the
ionic flow created by the electric field plays an important role in the formation
of the refractive index distribution. The ion concentration is then given by [64]

C(r, 1) = Cohlt = (° = 1) /Gprn V)] (2.22)
where, Vs = (2/7)Vy, Vy is the electric potential on the mask aperture, u is the
ion mobility, Cy is the concentration of ions on the source surface and 4 is a
step function: A(x) =1 for x>0 and 0 for x<<0. The gradient index is
expressed by the sum of the functions of » (radial direction) and z (axial
direction), and is given for a parabolic index profile by [65]

n?(r, z) = n(0, 0){1 — (gr)* — vao(gz)* }(0 <z < d) (2.23)
where v, is the constant related to the three-dimensional index distribution
[16].

A current attractive application of this type of planar micro-lens array is
color LCD projectors, in which the brightness of the projected image is
enhanced by a focusing effect from each lenslet [66]. This new system
improves the brightness more than three times in comparison with a conven-
tional system.
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Laser glass

Introduction

The laser is a source of monochromatic radiation of high intensity, coherence,
and directionality, in the ultraviolet, visible and infrared optical region. The
many and varied applications of lasers include laboratory use, research (optical
spectroscopy, holography, laser fusion), materials-processing (cutting, scribing,
drilling, welding, abrasion), communications, information processing, military
(range finders, target designators), and medical use [1]. Glass plays many
varied roles in rare-carth laser systems, because glass can be made with
uniformly distributed rare-earth concentrations and has great potential as a
laser host medium. In addition, rare-earth doped fibers have received growing
attention recently. They could have many uses as amplifiers in optical commu-
nication systems and as optical sources. Glass waveguide lasers are another
interesting subject for the development of compact laser sources and amplifier
devices.

This chapter concentrates on laser glass materials containing rare-earth ions,
thus excluding crystalline laser materials. To provide an understanding of the
properties of laser glass, the chapter begins with a brief summary of the
fundamental physics of lasers in Section 3.1. To explain the characteristics of
bulk laser glass, representative laser parameters and their host dependences are
summarized briefly in Section 3.2. The recent developments of fiber lasers (in
Section 3.3) and glass waveguide lasers (in Section 3.4) are reviewed.

3.1 Fundamentals of laser physics
3.1.1 Stimulated emission [2, 3]

It is well known that atoms, ions and molecules can exist in certain stationary
states, each of which is characterized by levels of the atomic system called

82
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quantum numbers. To simplify the discussion, let us consider an idealized
system as shown in Fig. 3.1 with just two nondegenerate energy levels, 1 and 2,
having populations N; and N,, and energies £, and E;, respectively. The total
number of atoms in these two levels is assumed to be constant

Ny + N, =N. (3.1

If a quasimonochromatic electromagnetic wave of frequency v,; passes
through an atom system with energy gap hv),

hV21 = E2 — E1 (32)

the atoms can transfer from level 1 to level 2 by absorbing energy and then the
population at the lower level will be depleted at a rate proportional both to the
radiation density p(v) and to the population N, at that level,

(dN1/d1) = =Bip(v)N, (3:3)

where Bj, is a constant of proportionality. The product Bi;p(v) thus can be
interpreted as the transition rate from level 1 to level 2 per atom and per unit
frequency.

After an atom has been raised to the upper level 1 by absorption, it will
return to the lower level 2 and emit energy via two distinct processes [4]: (1)
radiative decay with the emission of a photon; (2) nonradiative decay where the
excitation energy is converted into vibrational quanta of the surroundings. The
observed lifetime or fluorescence lifetime 7 at an excited level 2 is given by
the combination of probabilities for radiative (A4;q) and nonradiative (Wy;)
processes.

(I/Tf) = Arad + Wnr
= (1/tR) + Wy (3.4)
where 7R is the radiative lifetime. The nonradiative probability W, includes

relaxation by multiphonon emission and effective energy transfer rates arising
from ion—ion interactions. The radiative quantum efficiency # is defined by

E. A N,

E, Y Y 7N,

Fig. 3.1. Simple two-level system with population N, N; and energy E, and E, respectively.
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n= Arad/(Arad + Wnr)
= ‘Ef/TR. (35)

The relative probabilities for radiative or nonradiative decay between given
levels may range from comparable values to the two extremes where
Arad < Wnr or Arad > Wnr-

If the transitions from level 2 to level 1 take place only via a radiative
process, the population of the upper level 2 decays spontaneously to the lower
level at a rate proportional to the upper level population (spontaneous emis-
sion) or it decays under stimulation by external electromagnetic radiation of an
appropriate frequency (stimulated emission). The transition rate for sponta-
neous emission and stimulated emission from level 2 to level 1 is respectively
given by

(dNy/dt) = —A421 N, (3.6)

(dN2/df) = — By p() N (3.7)

where A, and B, are the transition probabilities and are known as Einstein’s
A and B coefficient respectively, and p(v) is the external radiation density per

unit frequency. For spontaneous emission, there is no phase relationship
between the individual emission processes. Equation (3.6) has a solution

Nz(t) = Nz(O)GXp(—l/T21) (38)

where 75, is the radiative lifetime of level 2 which is equal to the reciprocal of
the A coefficient

T = 1/451. (3.9)

In stimulated emission, the phase is the same as that of the stimulating
external radiation, that is, the external radiation gains the stimulated radiation
and the material acts as an amplifier of radiation at the proper frequency
vy1 = (E; — Ey)/h. This is the basic phenomenon of laser action. In the
presence of external radiation, we must combine the spontaneous and stimu-
lated emission, and the total transition probability downward is

(dNy/dt) = —{A421 + Baip(v)} N,. (3.10)

Comparing this expression for the radiation density in thermal equilibrium with
the black body radiation law, the relations between the 4 and B coefficients are
usually given in a form that is known as Einstein’s relations.

(A21/By) = 8nhv?/c?) (3.11)
By = Bps. (3.12)
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3.1.2 Cross section [3]

In the previous section, it is assumed that a monochromatic wave with
frequency v,; acts on a two-level system with an infinitely sharp energy gap
hvy1. An actual atomic system, however, has a finite transition linewidth Av
with center frequency v, and a signal has a bandwidth dv with center frequency
vs. The latter is usually narrow compared with the former. Laser materials,
therefore, are generally characterized as the interaction of linewidth-broadened
energy levels with a monochromatic wave. Then, introducing a parameter
‘cross section’, g,1(vs), Einstein’s coefficient for the radiative transition from
level 2 to level 1 is replaced by the form

021(vs) = (thg(Vs> VO)/C)BZI
= (A1 25 /8mn*) g(vs, Vo) (3.13)

where g(v, vg) is the atomic lineshape function. The cross section is a very
useful parameter which we will use to characterize the laser materials in the
following section.

The lineshape of an atomic transition depends in the cause of line broad-
ening, leading to two distinctly different mechanisms, homogeneous and
inhomogeneous broadening. As glass is a disordered medium there is a site-to-
site variation in the splitting of the rare-earth energy levels, which produces
inhomogenous line broadening of the same order of magnitude as the spacing
between the individual Stark levels (~ 100 cm™!). The inhomogeneous-broad-
ening linewidth can be represented by a Gaussian distribution. The peak value
of the normalized Gaussian curve is

g(vo) = (2/Av)(In2/m)'/2. (3.14)

If we assume v ~ v ~ v, the spectral stimulated emission cross section at the
center of the atomic transition is given by

021(vs) = (A2 g /4mn* Av)(In 2 /mm)' /2. (3.15)

3.1.3 Creation of a population inversion [2, 3]

3.1.3.1 Population inversion

From Eq. (3.12), the possibility for stimulated absorption or stimulated emis-
sion depends on which population, i.e. N; or N,, is larger than the other.
According to the Boltzman distribution, a level 1 with lower energy is more
densely populated than a level 2 with a higher energy at any temperature.
Therefore the population difference AN = N, — N; is always negative, which
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means that the absorption coefficient a is positive and the incident radiation is
absorbed. Thus a beam passing through a material will always lose intensity.

If it is possible to achieve a temporary situation such that there are more
atoms in an upper energy level than in a lower energy level, i.e. N, > Ny, the
normal positive population difference on that transition then becomes negative
(population inversion), and the normal absorption of an applied signal on that
transition is correspondingly changed to stimulated emission, or amplification
of the applied signal. The maximum gain generated by the population inversion
AN can be expressed by

g = ANoy(vs). (3.16)

The main features are now how the necessary population inversion is
obtained in a solid. The laser operations of an actual laser material typically
involve a very large number of energy levels with complex excitation processes
and relaxation processes among all these levels. These can be understood,
however, by using the simplified three-level or four-level energy diagrams as
shown in Fig. 3.2.

3.1.3.2 Three-level system

Initially, all atoms of the laser materials are at the ground level 1. The pump
light raises these atoms from the ground level into the broad band 3 (known as
optical pumping). Most of the excited atoms decay rapidly and nonradiatively
into the intermediate level 2. Finally, the atoms return to the ground level by
the emission of a photon. This last transition is responsible for the laser action.

As the terminal level of the laser transition is the highly populated ground
state in this system, more than half of the atoms in the ground level must be
excited to the metastable level 2 in order to maintain a specified amplification,
that is,

N, >N, = N/2. (3.17)

There is the additional requirement that the life-time of level 2 should also be
large in comparison with the relaxation time of the 3 ~ 2 transition, i.e.
721 > T32.

3.1.3.3 Four-level system

To overcome the disadvantages of the three-level system, it is necessary to
utilize a four-level system. There is in this case an additional normally
unoccupied level above ground level at which the relevant transitions termi-
nate.

As in the case of the three-level system, the atoms that are excited from the
ground level 0 to level 3 will decay rapidly and nonradiatively to level 2. The
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Fig. 3.2. Simplified energy diagrams used to explain the operation of optically pumped (a)
three-level and (b) four-level laser systems.
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laser transition takes place between the excited level 2 and the terminal level 1.
From the level 1 the atom decays by a rapid nonradiative transition to the
ground level 0. The terminal level 1 will be empty because this level is far
above the ground state so that its thermal population is small. In this system,
the condition for maintaining amplification is simply

AN = N, — N
= N, >0. (3.18)

In addition, in the most favorable case, the relaxation times of the 3 ~ 2 and
1 ~ 0 transitions are short compared with the spontaneous emission lifetime of
the laser transition 7;. In a four-level system, therefore, all pumping power is
used to produce gain through AN and an inversion of the 2 ~ 1 transition can
occur even with small pump power. The thresholds for four-level lasers are
typically lower than those of the three-level systems.
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3.1.4 Laser oscillation by resonant cavity [1-3]

A typical laser oscillator is shown in Fig. 3.3. The optical cavity is constructed
by two mirrors that reflect the optical radiation back and forth in the laser
material, thereby implementing the optical feedback element. The pumping
light inverts the population in the laser material, thereby giving the system a
gain factor exceeding unity. The oscillation is first triggered by some sponta-
neous radiation emitted along the axis of the laser material. This radiation is
amplified and when the mirror at the output end of the cavity is partially
transparent, a fraction of the radiation will leak out or be emitted from the
cavity and can be utilized externally as a laser beam. At the same time some
radiation is reflected and amplified again as it passes through the laser material
and continues to transverse the laser oscillator.

Assuming a gain per unit length of g in the laser material of length L and
mirrors having a reflectivity of R; and R,, the light intensity gains by a factor
of exp(gL) in each passage through the material. In an oscillator, on the other
hand, a number of loss mechanisms attenuate the light: reflection, scattering
and absorption losses in the elements in the cavity such as the mirrors and
amplifying medium, and diffraction losses. It is convenient to lump all of the
nonoutput losses into a single parameter, the absorption coefficient per unit
length a. After passing through the laser material, reflecting off the mirror R,
and returning through the material to R, and reflecting, the loop gain on every
complete two-way passage of the light through the laser cavity is given by

G =R Ryexp[2(g — a)L]. (3.19)

Whether the light will be attenuated or strongly amplified depends on whether
g—a<0 or g—a>0. The condition for continuing oscillation is then
G=1.

Assuming now that the pump rate is a linear function of input pump power

| Pumping light, Pin ]

R

Lm < Pout
I G <exp (g - o)L —
— Laser output
; L ;

Fig. 3.3. Typical laser oscillator configuration.
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Pi,, the population inversion is given by a function of the pump intensity.
Output power versus input pump power for a four-level system is given
schematically in Fig. 3.4. The following expression for the laser output power
is then obtained

Pow = OS(])in - Pth) (320)

where Py, is the input pump power required to achieve threshold and oy the
slope efficiency of the laser output versus input pump curve. The excess pump
power beyond that required to provide the population inversion which equili-
brates the losses contributes to the available output power P,,. The thresholds
for three-level lasers are typically higher than those of the four-level systems.

3.1.5 Active ions for laser glasses

Materials for laser operation must possess sharp fluorescent lines, strong
absorption bands, and a reasonably high quantum efficiency for the fluorescent
transition of interest. These characteristics are generally shown by solids which
incorporate a small amount of active ions in which the optical transitions can
occur between states of inner incomplete electron shells. Trivalent lanthanide
ions have been the most extensively used active ions, because there are many
fluorescing states and wavelengths to choose from among the 4f electron
configurations.

According to the quantum theory [5], the state of an electron in an atom is

A
3
o
o
2
8_ Os
5
o
=
o}
0 o >
&P ! Pumping power, Pin
System loss
y

Fig. 3.4. Output power versus pump input for a four-level system.
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characterized by three orbital quantum numbers 7, /, m and by a spin quantum
number s. A single electron is described by a symbol using small letters
according to the sequence: /[ =0, 1,2, 3, ...1iss,p, d, f, ... respectively.

Rare-earth ions of the lanthanide series are characterized by a closed inner
shell of the palladium configuration, with the additional configuration
4f"5s’p®. The screening effect of the Ss and Sp electrons makes the energy
levels of the 4f electrons less sensitive to the surrounding ions. In such a multi-
electron ion, the energy levels for electronic states arise from the combination
of the Coulomb interaction among the electrons and the spin-orbit interaction,
which provide complex and varied optical energy-level structures of ions. The
splitting of these energy levels is usually labeled by the well known Russel-
Sounders multiplet notation [6, 7], 2*!(L);. Here J is the quantum number of
the total angular momentum which is obtained by summing vectorially the total
orbital angular momentum L and total spin angular momentum §. Thus, there
are many possible three- and four-level lasing schemes. The large number of
excited states that are suitable for optical pumping and subsequent decay to
metastable states having high quantum efficiencies and narrow emission lines
are also favorable for achieving laser action [8, 9]. All glass lasers to date have
used trivalent lanthanides as the active ions. There are many books and articles
in which the behavior of active ions in crystals and in glass have been
summarized [1, 6, 8, 10—17].

Of the many rare-earth ions, Nd** is well known for its favorable character-
istics for laser transition [1, 8, 10, 11]. As can be seen in Fig. 3.5.(a), the levels
denoted ?Hy /12 OF 4F; /2 can be used to absorb light from a pumping source at
about 800 nm. Ions excited into the pump band decay, usually nonradiatively,
to the upper laser level *F; /2 In a time that is short in comparison with its
radiative lifetime (typically 300 ~ 600 us). From this upper laser level *Fy /2
there are four laser transitions 4115/2 (1.80 pm), 4113/2 (1.35 pum), 4111/2
(1.06 um), and *ly/, (0.88 um). In particular the *Fs;, —*I;;, (1.06 pm)
transition has a high branching ratio (0.45 ~ 0.48) and in addition there is still
a further nonradiative transition from the lower lasing level (*I; /12) to the
ground state. This situation allows the description of Nd** as a four-level
system. As a result of these favorable properties, Nd** is widely used as a
dopant in a large number of bulk laser materials and for extensive practical
applications.

As shown in Fig. 3.5.(b), the Er’* ions operate as a three-level system
[1, 8,10, 11]. They can be pumped directly into the metastable upper lasing
level *Ij3/2(1.49 pm) or into higher energy levels, e.g. *I;; > (980 nm), *Iy ),
(807 nm), *Fy, (660 nm) or *Hy; /, (514.5 nm), from which nonradiative decay
occurs to the metastable *I;; /2 level. Lasing as a three-level scheme can be
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Fig. 3.5. Partial energy levels and lasing transitions for (a) Nd>* and (b) Er**. (Energy levels
from [18] and lasing transitions from [1, 8, 10, 11].)

obtained on the *I;; /2= s /2 transition. The lower lasing level, in this case is
either the ground state (*I5 /2) or a level close to the ground state.

Absorption from the ground state directly to the upper lasing level takes
place, causing competition with the emission of lasing photons. Er’** lasers
therefore have a higher power threshold than Nd** lasers.

3.1.6 Laser parameters and their host dependence [4, 13—16, 19, 20]

As mentioned above, the 4f" electron state configuration of the rare-earth ions
is not sensitive to the surrounding ions but the transition probability between
these electron states is sensitive to the surrounding ions, both radiatively and
nonradiatively.

The medium which concerns us in optics can be thought of as a collection of
charged particles: electrons and ion cores. The elastic displacement of the
electronic charge distribution to the nucleus results in a collection of induced
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electric-dipole moments. A light wave, on the other hand, consists of electric
and magnetic fields which vary sinusoidally at optical frequency. The effect of
the optical field, therefore, can be expressed classically in terms of the field-
induced electric-dipole moment [21, 22]. Optical transitions in rare-earth ions
also have been found to be predominantly electric-dipole in nature. For
transitions between 4f” electrons, no change of parity is involved and electric-
dipole transitions are principally forbidden by Laporte’s rule. In a crystal or
glass matrix with crystal-fields which lack inversion symmetry at the active
ion, however, the slight, crystal-field-induced admixture of other wave func-
tions (such as from the 5d states) with the 4f wave functions creates a small
probability for electric-dipole transitions. Magnetic dipole and electric quadru-
pole transitions are allowed by the selection rule but their contributions to
radiative decay are generally small or negligible [13—16].

It has been shown independently by B. R. Judd and G. S. Ofelt that it is
possible to make the calculation of electric-dipole transition probabilities
tractable by assuming certain approximations [23, 24]. In this theory, the line
strength of an f — f transition in a rare-earth ion is expressed in terms of a sum
of the products of three intensity parameters £2; and squared matrix elements
U(A) between the initial J-states |(S, L).J) and terminal J' state |(S’, L")J’), of
the form [13, 19, 20, 25]

S= ) 2U®)

2=2,4,6
=[Q2,UQ2) + 2,U4) + Q,U(6)] (3.21)
U@A) = (S, L)J| UP|(8", L)J")|? (3.22)

where the U™ terms are the matrix elements of unit tensor operators. It has
been shown that the matrix elements of the majority of rare-earth ions are not
very sensitive to the crystal-fields surrounding the lanthanide ion being consid-
ered, which in turn are functions of the electrostatic energy and spin-orbit
parameters. The matrix elements U® have been calculated and tabulated for
transitions from the ground state by Carnell et al. [26]. The three intensity
parameters £2,, 4, and €24, on the other hand, contain the effects of the crystal
field terms but are independent of electric quantum numbers with the 4f
configuration of the rare earth ions.

The line strength S can be related to the integrated absorbance of an electric
dipole in the form of [19, 27]

J k(2)dA = p{8me?A,/3ch(2J + D}(1/n)[(n* + 2)*/9]S (3.23)
band

where k(1) is the absorption coefficient at wavelength 4, p is the ion concentra-
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tion, A, is the mean wavelength of the absorption band, J is the total angular
momentum of the initial level and n = n(4,) is the bulk index of refraction at
wavelength 4,. £, parameters can therefore be determined as phenomenologi-
cal parameters from a least squares fit of absorption bands.

Once these parameters for a given ion-glass combination have been derived,
they can be used to calculate the strength of any absorption or emission
transitions [19, 20]. The spontaneous emission probability is given in terms of
the intensity parameters as

A(J, J') = {64m*e? /32T + DA} n(n® 4 2)*/9}S (3.24)
where n is the index of refraction of the matrix. The factor (n® +2)?/9
represents the local field correction for the ion in a dielectric medium. The

peak-stimulated emission cross-section, the radiative lifetime and the fluores-
cence branching ratio from level J to J', can be expressed as

0p = (A4 /87en* Ades) A(J, J')

= {’e’/3hc(2J + D} (n* +2)*/n}(Ap/Aler)S (3.25)
=) A, J) (3.26)
—
B = AWJ, J") / > A, T (3.27)
—

where 4,, is the peak wavelength of emission, A/ is the effective line width and
the summation is over all terminal level J'. The quantum efficiency 7 is given by

N = T¢/TR. (3.28)
Here, 7¢ is the measured fluorescence lifetime of the |(S, L).J) manifold.

3.1.7 Nonradiative relaxation [4, 13, 15, 17]

An excited rare-earth ion produced by absorption of a photon, also relaxes to
the lower energy state via a nonradiative process. The population inversion
density AN is proportional to the fluorescence lifetime 7¢, the number of atoms
in the ground state Ny and the pumping efficiency p,:

AN ~ Nyp.ts (3.29)

The fluorescence lifetime is given by the radiative transition probability A;,q
and the nonradiative transition probability Wy, in the Eq. (3.4). The radiative
quantum efficiency and thus the lifetime of the initial lasing state will be
lowered by nonradiative decay to a lower energy state. Therefore, to increase
AN while maintaining a high stimulated emission cross-section o, it is
necessary to minimize the nonradiative transitions.
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(3.30)

The decay rate Wy, is given by
War = me + W

where Wy, and W are the multiphonon relaxation rate and the energy transfer
rate, respectively. These processes are sensitive to the surrounding matrix ions.
The general description and much useful information on these nonradiative
transitions of rare-earth ions in glass has been covered recently by L. A.

Riseberg and M. J. Weber [4], by R. Reisfeld [13, 15] and by K. Patek [17] in

their excellent books.
3.1.7.1 Multiphonon relaxation [4, 13, 15]
As shown in Fig. 3.6.(a), multiphonon relaxation between J energy states can
occur by the simultaneous emission of several phonons that are sufficient to
conserve the energy of the transition. These processes arise from the interaction
of the rare-earth ion with the fluctuating crystalline electric field due to the
vibrations of the lattice or molecular groups, the excitation energies of which
are determined by the masses of the constituent ions and the binding forces.
When the energy gap between the excited level and the next lower energy level
is larger than the phonon energy, several lattice phonons are emitted in order to
bridge the energy gap. If AE is the energy gap between two energy levels and a
number p of phonons with energy Awyy, is required for conservation of energy,
the order of the process is determined by the condition
phwy, = AE. (3.31)
The dependence of the multiphonon rates on the energy gap is given pheno-

menologically in the form of [28, 29]

E2
Y Y
ot \
Nonradiative AN
\ 4
\ 7 4
AN 7 H
\ 7
& k 4 \\ / B H
AL X /
N\ 7 £
- X / /
Radiative N 4
Eo y y y y
A B AB A B A B A B
Co-operative up-conversion

Muitiphonon relaxation Cross relaxation
Fig. 3.6. Nonradiative relaxation processes, (a) Multiphonon relaxation, (b) Cross relaxation,

(c¢) Co-operative up-conversion.
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Wip = Woexp[—adE] (3.32)

where W) is the transition probability extrapolated to zero energy gap and a
correlates with the phonon vibration w,y, by [29]

a = (1/hwm){In[p/g(n + 1)] - 1} (3.33)

where g is the electron phonon coupling constant. This equation is an
important result of the multiphonon theory because it shows the exponential
dependence of Wy, on AE as well as the phonon vibration wpp.

3.1.7.2 Co-operative relaxation [4, 13, 17]

The remaining dissipative process to be considered involves ion—ion inter-
actions primarily leading to concentration quenching, wherein the relative
intensity of fluorescence is decreased as the concentration of the active ions is
increased. Rare-earth ions in solids can be treated as isolated ions only when
they are well separated. As the concentration is increased, the ion spacing may
become sufficiently small that the ions interact with each other. Energy transfer
may take place, where the original ion loses energy (£, — E;) nonradiatively
by going down to the lower energy state E; and another ion acquires the energy
by going up to a higher energy state. This phenomenon is called co-operative
relaxation and occurs also in clusters, i.e. local groups of a few ions very close
to each other. The coupling of adjacent rare-earth ions can arise via two
specific relaxation processes schematically illustrated in Fig. 3.6.

The first process shown in Fig. 3.6(b) is a cross relaxation. Cross relaxation
may take place between the same rare-earth ions, which happen to have two
pairs of energy levels separated by the same amount. In this case, an excited
ion A gives half its energy to a ground-state ion B, so that both ions end up in
the intermediate energy level. From this level, they both relax quickly to the
ground state via phonon relaxation.

Cross relaxation has been measured in a variety of ions and it is believed to
be a dominating factor in the concentration quenching of Nd** ion in glass,
which is associated with the reaction between Nd>*(*F; /2)—Nd3+(4115 /2) and
Nd**(*Iy2)-Nd**(*I;52) [13]. If an ion excited into the metastable *F; , level
interacts with a nearby ion in the ground state, the first ion can transfer a part
of its energy to the second, leaving both in the intermediate *I,5 /2 state. Since
the energy gap to the lower-lying states are small, both ions quickly decay
nonradiatively to the ground state.

The probability for dipole-dipole transitions of two ions A and B separated
by distance Rap is [17, 30, 31]
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Pap = K(l/RAB>6w/rR>SAJLfA(wgB(v)v4 ] (3.34)

where K is a constant, Rag is A—B ionic distance, 3 is the branching ratio of
the fluorescence band, 7x is the radiative lifetime of the ion A, Sa is absorption
band strength, fa(v) and gg(v) are the emission and absorption band spectral
line shapes, respectively, and v is frequency. The host dependence arises from
the different range and distribution of ion—ion separations Rag, and the
different frequency and linewidths of the *F; /274115 /2 T, /274115 /2 transitions.

The second one, shown in Fig. 3.6(c), is a co-operative up-conversion
process [32, 33]. As in an Auger process, when two neighboring ions are in the
excited state, one of them (A) gives its energy to the other (B), thus promoting
B to a higher energy level while the A relaxes to the ground state. From this
higher energy level, the B ion relaxes rapidly, mostly down to the metastable
state via phonon relaxation. The major cause of concentration quenching for
Er**-doped glasses is believed to be due to this process [32, 33]. Er** has no
intermediate states between the metastable and ground state, thus cross relaxa-
tion between an excited ion and one in the ground state cannot occur. However,
if two excited ions interact, one can transfer its energy to the other, leaving
itself in the ground state and the other in the higher *Io /2 state.

3.2 Bulk laser glasses
3.2.1 Compositional dependence of laser parameters of Nd°*-doped glasses

Since the first demonstration of laser action in Nd3*-doped glass by Snitzer
[34], many rare-earth ions have displayed laser transitions in near-ultraviolet,
visible and near-infrared spectral regions. In addition, there are numerous
possibilities of incorporating rare-earth ions into the host glasses. Good views
and textbooks related to this subject have been provided by many authors
[8, 10, 13, 15—17]. Over the past two decades, however, the development of
bulk glass lasers have concentrated primarily on Nd3*-doped laser glass. Its
high efficiency is thought to be ideal for use in the high-peak-power lasers
needed, for example, for inertial confinement nuclear fusion research [35].

The design of a high-peak-power glass laser system involves consideration
of a number of spectroscopic parameters [35]. For example, for continuous-
wave (CW) operation the threshold for laser oscillation is inversely propor-
tional to the product of the lifetime 7 and emission cross section o.. Since rare-
earth ions can be incorporated as modifier ions into most glasses, the variability
in the sizes and valence states of known glass-forming and glass-modifying
cations and anions produces a very large range of possible local fields at an
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Table 3.1. Sets of reduced matrix elements of transitions
from the *F3 ), level of Nd**-ion [19]

Wavelength Reduced matrix elements, U(4)

Transition (mm) UR) U@4) U(6)
“Fyp— o 0.88 0.0 0230  0.056
4F3/2 — 411 1/2 1.06 0.0 0.142 0.407
4F3/2 - 4113/2 1.35 0.0 0.0 0.212
“Fyp — s, 1.88 0.0 0.0 0.0285

Note: U(1) = [{(*F3 )| UP|(S", L')J") .

active ion site. To achieve the maximum performance of the laser system and
also for an understanding of the interaction of rare-earth ions with the local
environment in glass, the spectroscopic properties of Nd** ion in various glass
compositions have been studied extensively during the past 30 years. Good
reviews and textbooks related to this subject have been provided by D. C.
Brown [35], M. J. Weber [10], R. Reisfeld [13, 15], and M. J. Weber and J. E.
Lynch [36].

The method for predicting the value of spectroscopic parameters for a given
composition has been developed by the application of the Judd—Ofelt (J-O)
approach [23, 24] which was briefly summarized in Section 3.1.6. It generally
requires precise measurements of fluorescence intensity to determine spectro-
scopic parameters experimentally. Inhomogeneity and the size of the samples
available, however, limits such measurements. By using the J-O theory, it
generally only requires measurements of absorption spectra to determine the
best set of intensity parameters. Data obtained by examination of small
laboratory samples of glass compositions can be used to predict the spectro-
scopic parameters accurately [4, 35].

The first report of the application of the J—O approach to Nd** in glass was
by W. F. Krupke [19], who calculated emission cross sections, radiation
lifetimes, and branching ratios for four commercial laser glasses. He has shown
that the J—O theory can be applied to Nd** laser glass and can successfully
account for the laser parameters. The line strength S was at first calculated
from Eq. (3.23). A computerized least-squares fitting procedure was then
employed that determines the values of the phenomenological parameters £2;
by use of Eq. (3.28) and the reduced matrix elements of unit-tensor operators
(see Table 3.1.). With the determination of €,, £4, and £, it is a simple
matter to determine the radiative probability, branch ratios, radiative lifetime,
quantum efficiency and peak induced-emission cross section respectively.
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R. R. Jacobs and M. J. Weber [20, 25] have also utilized the J—O approach to
evaluate the radiative parameter of Nd3*: (*F; /2)—(4111 /2) transition for a num-
ber of silicate and phosphate glasses, which was reviewed later by D. C. Brown
[35]. Their results, which list Adegr, Ap, Tr, and o, for the (*Fs;2)—(*111)2)
transition, are summarized in Table 3.2, together with the variation of intensity
parameters £2,. These results also show clearly that changes in intensity
parameters occur when the glass composition is varied. They studied a series of
five variations of composition and discussed the changes of AAe, 4p, B, Tr,
and o,,. The first series involved changes of only the glass network former in
eight different glasses, namely phosphate, borate, germanate, silicate, tellurite,
aluminate, titanate and fluorophosphate. The branching ratio for all transitions
was relatively invariant with composition, whereas the total transition rate (or
lifetime) varied significantly. For the (*F3/5)—(*1; ) transition, A, varied from
1055 nm in the phosphate to 1069 nm in the aluminate glass. The cross section
0, is a maximum of 4.1 X 1072 cm? in the phosphate glass and a minimum of
1.5 X 1072° ¢cm? in the silicate. Another important fact to emerge from this
work is that, as the composition is changed, increasing the M radius in the
sequence Li-Na—K-Rb caused o, to decrease and 7r to increase.

The J-O approach was also applied to nine commercially available laser
glasses [20, 25]. The phosphate glasses displayed large cross sections and a
shorter center wavelength than silicates. This is not only because the intensity
parameters were significantly larger but also because the line widths were
narrow. From Eq. (3.25) it should be noted that the peak cross section o, is
dependent upon 2, parameters as well as AAq¢, and that both parameters are
very composition dependent. The emission bandwidths of Nd**-doped phos-
phate glasses are typically narrower than those for silicates. The combination
of large €2, values and narrow line widths can yield larger peak cross sections
for the phosphate glasses [10, 37].

Among different glass-forming systems, the narrowest line widths occur
when the rare earth can establish the most symmetric, chemically uniform
coordination sphere with the weakest field. The narrow line widths of phos-
phate glasses are thought to be a consequence of their different structure; a
chain-like structure versus the random network structure of silicate glasses
[10, 37].

A large amount of useful information has been published by the Lawrence
Livermore Laboratory for a large number of commercially and scientifically
important laser glasses [36]. Table 3.3 summarizes the ranges of effective
stimulated-emission cross sections, o,, for the (*F; /2)—(4111 /2) transition of
Nd3* observed for different glass types; the associated ranges for n, Al.s, Aps
and the calculated radiative lifetime, 7r are also given. For silicate glasses, o,
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Table 3.3. Range of spectroscopic properties for the ?F; / =, /2 transition of
N>+ observed in different glasses at 295 K [Reprinted from M. J. Weber; J. Non-
Cryst. Solids 123 (1990) 208, copyright (1990) with permission from Elsevier

Science]
Refractive Cross Peak Effective  Radiative
index section  wavelength linewidth lifetime
Host glass n4 op (pm*) A, (um) Al (nm) TR (Ws)
Oxide
silicate 1.46-1.75 0.9-3.6 1.057-1.088 35-55 170-1090
germanate 1.61-1.71 1.7-2.5 1.060-1.063 36-43  300-460
tellurite 2.0-2.1 3.0-5.1 1.056-1.063 26-31 140-240
phosphate 1.49-1.63 2.0-4.8 1.052-1.057 22-35 280-530
borate 1.51-1.69 2.1-3.2 1.054-1.062 34-38 270-450
Halides

beryllium fluoride ~ 1.28-1.38 1.6—4.0 1.046-1.050 19-29  460-1030
aluminium fluoride 1.39-1.49 22-29 1.049-1.050 28-32  540-650
heavy metal fluoride 1.50-1.56 2.5-3.4 1.048-1.051 25-29  360-500

chloride 1.67-2.06 6.0-63 1.062-1.064 19-20 180-220
Oxyhalides

fluorophosphate 1.41-1.56 2.2-43 1.049-1.056 27-34 310-570

chlorophosphate 1.51-1.55 5.2-54 1.055 22-33  290-300
Chalcogenides

Sulfide 2.1-2.5 6.9-82 1.075-1.077 21 64-100

oxysulfide 24 4.2 1.075 27 92

varies by a factor of four with changing host composition from an alkali silicate
to bismuth silicate, which has a high refractive index. The spontaneous
emission probability 4 depends upon the host refractive index, is a function of
[(n* 4+2)*/9], and thus the peak cross section o, is a function of
[(n* +2)?/9n]. These factors arise from the local field correction, and can
have a significant effect upon the values of 4 and o,. Some tellurite glasses
have even larger cross sections than phosphates, not because S or AA.s are
more favorable, but because of their large refractive indices.

According to the reviews of M. J. Weber et al. [10, 36], the smaller the
anionic field strength, in general, the smaller the Stark splitting and the
narrower the effective line widths. Thus A/ is narrowed by using monovalent
halide rather than divalent oxide anions. As expected, the halide glasses have
narrower line widths than the narrowest oxide glass (phosphates). Chalcogenide
glasses combine a small AA ¢ with a larger £2; and a high refractive index to
yield values for o, that are larger than those for any oxide glass. The use of
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larger, more polarizable anions, such as Cl~ or Br™ instead of F~, results in
both narrow linewidth and increased intensity parameters. Chloride glasses
have larger cross sections because of their larger refractive index.

The meaning of intensity parameters on the basis of the relationship between
the glass structure and €2, for a given rare-earth ion in various glass systems
has also been discussed by many researchers [13—15, 38—42].

3.2.2 Nonradiative relaxation of rare-earth ions in glasses

The dependence of the multiphonon rate of energy gap has been investigated
by C. B. Layne et al. [43, 44]. The rare earths Nd**, Er’*, Pr**, and Tm?*
were doped into silicate laser glass and the multiphonon rates measured
experimentally; the results are shown in Fig. 3.7. As can be seen from Eq.
(3.32), an approximately exponential dependence upon the energy gap between
levels is found, independent of the rare-earth ion or electronic level.

Because the multiphonon process is dominated by the highest energy
phonons which are known to vary widely in different glass compositions,

10° ~
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Fig. 3.7. Mulitphonon decay rates as a function of energy gap to the next lower level for rare
earths in silicate glasses. [Reprinted from C. B. Layne, W. H. Lowdermilk and M. J. Weber, Phys.
Rev. B16 (1977) 10, copyright (1977) with permission from The American Physical Society.]
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Table 3.4. Maximum phonon energy of various glasses [13]

Phonon energy

Glass type fiwpn (em™')
Borate 1400
Silicate 1100
Phosphate 1200
Germanate 900
Tellurite 700
Fluorozirconate 500
Chalcogenide 350

significant variations in the relaxation rate would be expected with glass type.
The glasses most favorable for use in lasers tend to have the lowest phonon
hwpy which provides smaller multiphonon relaxation rates Wp,. In any glass,
the most energetic vibrations are the stretching vibrations of the glass network
formers, which are active in the multiphonon process [13]. R. Reisfeld and C.
K. Jorgensen [13] have listed the phonon energies of importance in various
types of glass and they are reproduced in Table 3.4.

The results obtained in a study of multiphonon rates in borate, phosphate,
silicate, germanate, tellurite and fluoroberyllate glasses by C. B. Layne et al.
[43—45], in fluorozirconate by Lucas et al. [46], and in zinc-chloride glass by
M. Shojiya et al. [47] are also summarized in Fig. 3.8 which shows the same
approximate exponential dependence of multiphonon rate on energy gap as in
Fig. 3.7, for each glass composition. The fastest decay rates are found in the
borate glass, followed in order by phosphate, silicate, germanate, tellurite,
fluorozirconate, fluoroberyllate, and chloride. The multiphonon decay rate from
a given level to the next lower level decreases with the lowering of energy of
the stretching frequencies of the glass former. Since, in order to reach the same
energy gap, a larger number of phonons is needed in fluoride and in chalcogen-
ide glasses, the nonradiative relaxations are smallest in these glasses. Addi-
tional information on multiphonon relaxation in glasses may be found in
Section 3.3.3 which is concerned with fiber laser amplifiers.

When OH™ groups are present in a glass, the nonradiative rates are increased
because of coupling between the rare earth states and the high energy
(3200 cm™") vibrations of OH~ [48]. Its contribution to nonradiative decay is
considered to be larger than that of the multiphonon process because of the
higher vibration energy. Phosphate glasses can retain significant amounts of
OH™ and consequently the lifetimes of the rare-earth states are shortened. The
water content must be controlled to be as low as possible.
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Fig. 3.8. Multiphonon decay rate of rare-earth ions in several host glasses as a function of the
energy gap to the next lower level. [Oxide glasses, reprinted from C. B. Layne, W. H. Lowdermilk
and M. J. Weber, Phys. Rev. B16 (1977) 10, copyright (1977) with permission from The
American Physical Society. Fluorozirconate glass, reprinted from J. Lucas and J-L. Adam,
Glastech. Ber. 62 (1989) 422, copyright (1989) with permission from Publishing Company of the
German Society of Glass Technology. Zinc-chloride glass, reprinted from M. Shojiya, M.
Takahashi, R. Kanno, Y. Kawamoto and K. Kadono, Appl. Phys. Lett. 72 (1998) 882, copyright
(1998) with permission from the American Institute of Physics.]

Interactions between rare-earth ion pairs also lead to nonradiative decay or
concentration quenching, of excited states. The severity of concentration
quenching, however, depends on the glass type and composition and it is least
in phosphate glasses. In fact, a glass that is doped with 8 wt% of Nd** ions has
been developed by using phosphate glass [49], which is probably attributed to
the large Nd—Nd distance resulting from the chain-form structure, and to the
difficulty of Nd—Nd interaction [31].

3.2.3 Properties of practical laser glasses

As described above, large variations in stimulated emission cross section and
other important radiative parameters are realized by varying the host composi-
tion. However, depending on the applications, other properties in addition to
the spectroscopic properties are required for practical laser glasses.

Table 3.5 summarizes the spectroscopic, optical, thermo-optic and mechani-
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cal properties of the examples of commercially available Nd-laser glasses [50].
These glasses are representative of laser glasses that can be melted in large
sizes with high optical quality.

The laser glass is strongly loaded by pump radiation and by the laser beam
itself. In comparison with crystals, the major disadvantage of glass is its low
thermal conductivity. Therefore, the temperature distribution in the laser glass
produced by this load causes optical distortion which is affected by the change
of refractive index with the temperature, which limits its applicability in high-
average-power systems. The temperature coefficient of the optical path length
is given by [51-53]

ds/dT =[dn/dT + (n — 1)a] (3.35)

where n is the refractive index and a is the thermal expansion coefficient.
Thus, the chemical composition of the laser glasses should be selected so that
ds/dT is minimized at a given operating condition (athermality). Phosphate
glass has a fairly high o, value and small linewidth, which is good for large
signal amplification. In addition, the temperature coefficient of the optical path
length, ds/dT, is very low for phosphate glasses.

Another measure of the suitability of a particular laser glass for an applica-
tion in which thermal cycling is involved is the thermal-shock resistance.
Thermomechanical properties of laser glasses are critically important in high-
average-power lasers, in which the heat removal rates and thermal stresses
determine the maximum power. The thermomechanical figure of merit, Wi, at
its fracture limit is given by [54, 55]

Wan = {<(1 — )/ aE}S, (3.36)

where E is the Young’s modulus, a is the thermal expansion coefficient, x is
the thermal conductivity, u is Poisson’s ratio, S; is fracture strength. For future
increases in the power and repetition rate of high average power glass lasers,
new silico-phosphate glasses (for instance, HAP 3 in Table 3.5) that might
improve thermo-mechanical properties and longer fluorescence lifetimes, have
been developed [56].

High-peak-power glass laser systems commonly propagate high optical
intensities. Such intensities give rise to an intensity-dependent change to the
local refractive index through the third-order nonlinear susceptibility of glass,
which will be discussed in detail in Chapter 4. The existence of a nonlinear
index change is responsible for the well-known self-focusing effect. Fluoropho-
sphate glasses appear to be good candidates for high-power lasers because of
their low nonlinear index change [57] but the fabrication of these glasses in
large quantities is too expensive.
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3.3 Fiber lasers and amplifiers
3.3.1 General description of fiber laser

3.3.1.1 History

Fiber lasers are nearly as old as the glass laser itself. Three years after the first
demonstration of a glass laser by E. Snitzer in 1961 [34], C. J. Koester and E.
Snitzer [58] described the first lasing in a multicomponent glass fiber by
demonstrating amplification. A decade later, Stone and Burrus [59, 60]
described the laser oscillation of Nd-doped low-loss silica multimode fibers
made using a CVD process as well as the first diode pumping. D. N. Payne and
co-workers at Southampton University [61-63] announced the fabrication of
the first low-loss single mode fibers containing Nd and Er, made by the
extension of MCVD technology and reawakened interest in fiber lasers, which
coincided with its large-scale application to optical communication systems.
Fiber lasers have potential for use in both long-haul (1.5 um) and local area
network (1.3 wm) communications as optical amplifiers. Noncommunication
applications include use as super luminescent sources for fiber-optic gyro-
scopes and low-cost sources in various instruments for optical measurements.
P. Urquhart [64] carried out an early review of rare-earth doped fiber laser
amplifiers. The many recent advances in the development of rare-earth doped
fiber lasers and amplifiers is also covered by other reviews [8, 65—67].

3.3.1.2 Benefits of lasers in fiber form

Optical fibers are basically waveguides [68, 69] for electromagnetic radiation
at optical frequencies. When light passing through the fiber core is incident at
the interface between the core and cladding which have different refractive
indices (n; and n, respectively), it will be totally reflected if its angle of
incidence is greater than the critical angle (sin¢. = n,/n;). The numerical
aperture (NA) of the fiber, which is a measure of the light-gathering power is
given by

NA = (i — nd)'/2. (3.37)

Other important properties of a fiber are associated with guided modes,
which are primarily governed by the waveguide structure and materials. On this
basis, fibers can be classified into two main types: monomode and multimode.
The simplest type is the monomode fiber, in which the core size and refractive
index difference are small, allowing only the waveguide mode of lowest order
to propagate. The condition necessary for this to occur is that the normalized
frequency (V' number) defined by
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V = (2nac/A)m — n3)'/? (3.38)
should be less than 2.405: here a. is the core radius and A the operating
wavelength. The increase in core size allows many modes to propagate. Multi-
mode fibers with much larger cores have the numbers of modes (~¥2/2) that
is typically about 1000.

One of the benefits of lasers in fiber form is that a large population inversion
density is attainable, as the result of the guiding structures of the fiber by
keeping the pump light tightly confined in the transverse direction over the
distance required for its absorption [8, 64]. The high surface-area-to-volume
ratio, inherent in optical fiber geometry, leads to a good heat dissipation. These
factors, taken together, explain why fiber lasers with glass hosts readily operate
in continuous wave mode at room temperature without cooling, whereas bulk
glass lasers with a low thermal conductivity can usually only operate to give a
pulsed output. A theoretical analysis of optically pumped fiber laser amplifiers
and oscillators [70] suggests that fiber configuration will have higher gain
(amplifiers) and lower threshold (oscillators) over its bulk counterpart.

3.3.1.3 Fabrication techniques for fiber lasers

The fiber fabrication process, in general, consists of two steps, the preparation
of the bulk preform and the formation of a long fiber. There are many
variations in the preform preparation and fiber formation processes, depending
on the fiber materials. Details on the process of fiber fabrication without rare-
earth dopant can be found in Chapter 1 of this book. For more information
concerning the fabrication process, there are excellent reviews for silica fibers
by P. Urquhart [64], W. A. Gambling [71], K. J. Beales and C. R. Day [69] and
a book by T. Izawa and S. Sudo [72]; for fluoride fibers by H. Poignant et al.
[73] and by T. Miyashita and T. Manabe [74]; and for chalcogenide fibers by J.
Nishii ef al. [75].

The high silica glass systems are most preferable for fiber laser host
materials because they have low-loss transmission windows at about 1.3 um
and 1.55 pm which are used in the optical communication systems. The rare-
earth-doped silica fiber preform is in general fabricated using the CVD
technique, with a number of important modifications to permit the incorpora-
tion of further dopants into the core glass. During the core deposition, small
quantities of NdCl; vapour are carried downstream by the reactant flow, where
they are oxidized to Nd,Os in the hot zone formed by the deposition burner
and incorporated into the core [61, 63]. Dopant can also be incoporated into
the fiber by soaking the porous preform in a solution of a chloride of the rare-
earth ion in alcohol or in an aqueous solution of the required dopant precursor,
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prior to dehydrating, sintering, sleeving and collapsing (solution doping tech-
nique). Control of dopant levels is easily achieved and high dopant levels have
been obtained using this method [59, 67, 76, 77].

Fluoride glasses with low phonon energy, which were originally developed
for ultra-low-loss communication systems [64, 74], make extremely good hosts
for rare-earth ions because they offer many more metastable fluorescing.
Heavy-metal fluoride glasses are often unstable when cooled and show a
tendency to crystallize in the fiber drawing stage. Glass preforms with a core
and cladding structure have been prepared by special techniques, such as built-
in casting [78, 79], suction casting [80, 81], and rotational casting [82]. In order
to prevent the crystallization and vaporization, a quite unique technique,
namely the ‘extrusion method’ [83] as shown in Fig. 3.9, is used for a fluoride
preform fabrication. Both core and clad glass discs were polished and placed
inside the cylinder. Then, the system was heated up followed by pressuring
with a punch under a dry nitrogen atmosphere. In this method, a preform can
be formed at higher viscosity, and hence at a lower temperature compared with
the conventional casting methods, which prevents crystallization.

The chalcogenide fiber is usually prepared using the double crucible and
rod-in-tube methods [73]. New crucible drawing methods have been developed
recently [75].

CLAD GLASS DISC
/CORE GLASS DISC

TUBE / DIE
7

PUNGH

FIBER PREFORM

PRESSURE

Fig. 3.9. Extrusion method for fabricating fluoride glass preform. [Reprinted from K. Itoh, K.
Miura, I. Masuda, M. Iwakura and T. Yamashita, J. Non-Cryst. Solids 167 (1994) 112, copyright
(1994) with permission from Elsevier Science.]
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3.3.2 Fiber amplifiers

3.3.2.1 General descriptions [8, 64, 67]

A driving force for research in rare-earth-doped fibers is their potential use for
amplifying weak signals for trunk optical communication systems at 1.55 um,
and for both local subscriber systems in the near future and most of the
installed optical systems at around 1.3 pm. The amplification of optical signals
in a communication system may be achieved by simply splicing a section of
rare-earth-doped fiber into the transmission fiber and injecting pump light
through a fiber coupler. The signal within the emission band stimulates
radiation, amplifying the signal with high gain, high efficiency and low noise,
which is advantageous to optical communication [8, 64, 67]. A typical experi-
mental configuration of a fiber-based optical amplifier [84] is shown in Fig.
3.10.

There are four principal rare-earth candidates for use as a dopant for fiber
amplifiers in optical communication systems: erbium, neodymium, praseody-
mium and dysposium. Figure 3.11 shows a simplified energy diagram of these
ions. The *I;5 /274113 /2 transition of Er** has been identified for the 1.55 um
window. The *F;,—"1;3), transition of Nd**, the 'G4—Hs transition of Pr**
and the °Fy;/5(°Hy/5)-%Hjs), transition of Dy** have been identified as
potentially useful for the 1.3 pm window. These ions, however, have their own
set of difficulties that must be overcome in order to use them in practical
applications [8, 32, 65—67]. The major problems are related to the dissipative
process which removes excited ions from the initial lasing level of interest.

RARE-EARTH-DOPED FIBER
SIGNAL SOURCE

1SOLATOR WDM OR COUPLER

¢ DETECTOR

<OPTICAL SPECTRUM
ANALYZER
-POWER METER

PUMPING SOURCE

Ti-sapphire laser
Ar-ion laser
dye laser

Fig. 3.10. Typical experimental configuration of fiber optical amplifier.
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Fig.3.11. Simplified energy diagrams of four rare-earth ions and relevant transitions for
pumping and amplification. (Energy levels are from [18].)

One possible mechanism is nonradiative relaxation directly to the next lower
energy level as treated in Section 3.1.7. The other dissipative processes which
need to be considered involve the phenomena of excited-state absorption
(ESA) and amplified spontaneous emission (ASE). ESA is the excitation of an
ion in the metastable state to a still higher level through the absorption of a
pump or signal photon. The ions promoted to a higher state of excitation then
decay back nonradiatively to the upper lasing level. ASE is the efficient
amplification of spontaneous emission from the upper laser level via the other
transition with a high branching ratio, which causes gain saturation at the
wavelength of interest. All of these phenomena decrease the efficiency of
amplifiers, but are sensitive to host compositions and can be solved partially by
changing the glass compositions.

3.3.2.2 1.55 um amplification in Er’*-doped fiber [32, 65]

Er**-doped fiber amplifiers have attracted much attention for operation in
the optical communication window at wavelengths near 1.55 um and are
now commerically available. As shown in Fig. 3.11, the transition from the
43 /2 metastable state to the *ys /2 ground state produces a gain at 1.55 um.
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The 6500 cm™' gap between two states is large enough that multiphonon
relaxation is significant only for borate glasses with high phonon energy
[32, 65].

Most work on Er’**-doped amplifiers has focused on silica fiber. Silica would
be the preferred glass because of its superior optical, mechanical and chemical
properties coupled with mature manufacturing techniques, and its inherent
compatability with the passive transport fiber. Pure silica, however, can
incorporate only very small amounts of rare-earth ions. The absence of a
sufficient number of non-bridging oxygens to coordinate the isolated rare-earth
ions in the rigid silica network causes them to cluster in order to share
nonbridging oxygens. Arai et al. [85] found that the addition of a small amount
of Al,O3 can eliminate the clustering problem. Al,O3; forms a solvent shell
around Er’* ions, increasing the solubility and allowing dopant levels up to
about 1 X 10%* cm~3. P-doping is also found to improve amplifier efficiency
somewhat [85]. Furthermore, a low concentration of Er**, is more preferable
because of the three-level laser characteristics in which efficient conditions at
low pump power can only be obtained by using a small core and long distance
fiber with low Er3* concentration.

As shown in Fig. 3.11, Er’* can be pumped either directly into the *I;3,
metastable level which occurs at 1490 nm or into higher energy levels, e.g.
*Hyy /> (514.5 nm), *Fy), (654 nm), *lg/> (800 nm) and *I;;» (980 nm) from
which nonradiative decay occurs to the *I;3 /2 metastable level. In early
experiments, pumping at 514.5 nm with an Ar-ion laser or at 654 nm with a
dye laser were employed [86]. Pumping at 800 nm has been examined
recently in research into the best materials because of the availability of
inexpensive high power AlGaAs diode lasers at this wavelength [87]. In
most glasses, however, the performance of fiber pumped in this band has
been rather poor because of the *Ij3 /272H11 s2 ESA ftransitions at 790 nm
[32, 88].

The *I;5/,—*1}1 ), transition, corresponding to an absorption band peaking at
970 ~ 980 nm, has a large absorption band cross section and no ESA was
observed for this band. Thus 980 nm appears to be an ideal pump wavelength
[88, 89] but inexpensive diode lasers are unavailable [65].

Since the *I;3 /2 Stark levels are nonuniformly populated, the 5 /2—4113 /2
transition is shifted to a longer wavelength with respect to absorption. This
allows resonant pumping into the top of the band with 1480 nm light in a quasi
three-level scheme [32, 65, 90—92]. The wavelength is close to the amplifier
wavelength of 1.53 ~ 1.55 um and so there is minimum heating and rapid
relaxation between sublevels of the metastable level, although a careful
selection of pump wavelength is required.
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3.3.2.3 1.3 um amplification in Nd**-doped fiber

Nd** was the first ion considered for amplifiers in the 1.3 pm window because
it has a well-known four-level *F; /2—4113 /2 transition close to 1.3 pum as shown
in Fig. 3.11. Furthermore this system can be pumped by a commercially
available, high power diode laser (AlGaAs) source in the 800 nm region. The
energy difference between the *F; /2 upper laser level and the higher-energy
4G, /2 state is, however, in the same wavelength region, which induces the ESA
transition. This phenomenon shifts the gain peak towards the longer wavelength
side and severely reduces the efficiency of the *F; ,—*1;3, stimulated transition
[93, 94] when laser operation is attempted at 1.31 um in silica fiber and even in
the phosphate glasses [95].

The ESA spectrum in both wavelength and strength and therefore also in
gain is sensitive to glass composition, which allows a positive gain in the
1.3 um spectral region. Thus the role of glass composition has been examined
theoretically and experimentally [96—99]. According to the theoretical analysis
[70,97-99], exponential signal growth, including the ESA process can be
characterized by the figure of merit

m = C(1 — Ogsa/0e)0.T (3.39)

where C is a constant related to the fiber parameter, 0. and ogsa are the
stimulated emission and ESA cross section for the signal, and 7 is the lifetime
of the upper level of the gain transition. The host-dependence properties
directly affecting the figure of merit are the ratio of 0gsa/0. and o.t. This
model suggests that fluorozirconate fibers are quite favorable [97—99].

Experiments have also been carried out on the various glass compositions
such as fluorozirconate [96, 100, 101] and fluorophosphate glasses [102, 103].
Table 3.6 lists the amplification characteristics of various Nd**-doped fibers at
1.3 um spectral region. For instance, Brierley et al. [101] obtained the ESA,
stimulated emission and the scaled gain spectrum that are shown in Fig. 3.12,
using Nd**-doped fluorozirconate glasses. A gain of 4 ~ 5 dB was obtained
but this was still low at 1.31 um [101]. In fluorophosphate, the wavelength for
maximum gain can only be decreased to ~1.33 pm.

The second problem to be solved is ASE [101, 105]. Since the stimulated
emission cross section and branching ratio for the 1.3 um transition are
approximately four times smaller than those for the 1.06 um transition, sponta-
neous emission at 1.06 um will be amplified more efficiently and saturates the
available gain at 1.3 wm. Figure 3.13 shows gain saturation due to ASE,
primarily from the strong *F; /2—411 1/2 transition at 1050 nm [101]. A significant
improvement can be achieved by filtering out the ASE around 1050 nm [127]
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Fig. 3.12. Excited state absorption spectrum, the *F3 /2—4113 /2 emission spectrum and the gain
spectrum of Nd**-doped fluorozirconate fiber. [Reprinted from M. Brierley, S. Carter and P.

France, Electron. Lett. 26 (1990) 329, copyright (1990) with permission from the Institute of
Electrical Engineers.]
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Fig. 3.13. Gain saturation of Nd**-doped fluorozirconate fiber at 1.3 um due to ASE of
4F, /274111 /2 transition. [Reprinted from M. Brierley, S. Carter and P. France, Electron. Lett. 26
(1990) 329, copyright (1990) with permission from the Institute of Electrical Engineers.]
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but the best results reported to date are of a net gain of 10 dB at 1.33 um with
a pump power of 150 mW at 800 nm, by using a 10 m long and 1000 ppm

Nd**-doped fluorozirconate fiber [108].

3.3.2.4 1.3um amplification in Pr’**-doped fiber

Praseodymium-doped fibers are currently viewed [111-113, 128, 129] as being
more promising because their gain is centered at 1.31 pm and there are no
competing emission wavelengths. As shown in Fig. 3.11, the four-level
'G4—3H; transition has a high branching ratio (~0.56) and can be used for
efficient amplification. The population of Gy is achieved by direct pumping of
!G4—H, in the absorption band peaking at 1010 nm. The signal ESA from the
upper level of the transition !G4~'D, will modify the gain curve and will
reduce the amplifier performance of the 'G4—Hjs transition. However, the
oscillator strength of the 'G,4-!D;, transition is smaller than that of the 'G,—H;
transition. In addition, as shown in Fig. 3.14, the peak wavelength is located on
the longer wavelength side of the 1.3 pm fluorescence band [130]. Therefore
the ESA has only a shorter wavelength tail down to ~ 1290 nm, which moves
the peak of the gain curve towards 1.30 um [111, 112, 128—132].
The major problem with the Pr’*-doped fiber amplifier is the large non-
radiative decay rate from 'Gy to the next lower level °F,, thus reducing the
radiative efficiency. As can be seen from the energy diagram in Fig. 3.11, the
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Fig. 3.14. Cross section spectra for the emission, ESA and GSA transitions of Pr’* ion.
[Reprinted from B. Pedersen, W. J. Miniscalco and R. S. Quimby, IEEE Photonics Technol. Lett.
4 (1992) 446, copyright (1992) with permission from the Institute of Electrical and Electronics

Engineers, Inc.]
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Table 3.7. Multiphonon relaxation rates from the Pr** : 1G, to the >F state and
quantum efficiency in various oxide and non-oxide glass [Reprinted from D. R.
Simons, A. J. Faber, F. Simonis and H. de Waal, 8th International Symposium on
Halide Glasses, Perros-Guirec (1992) 448, with permission from Centre National
d’Etudes des Telecommunications (CNET)]

Quantum
Energy gap, Phonon energy, Relaxation rate, efficiency,
Glass  Composition AE (ecm™')  fiwy, (cm™') W (571 N
Oxide borate 29502 1400 3.9 X 107 7.8 X 1076
phosphate 29502 1200 52 %10  6.0X 1073
silicate 29502 1100 1.3 X 10° 23 X 107
germanate 2878 900 2.7 X104 1.1X1072
tellurite 2950 700 6.9 X 10* 45% 1073
Fluoride fluoroberyllate 29502 500 1.3 x10*  23X1072
fluorozirconate 2941 500 6.4X10° 4.6x1072
Sulfide Al(Ga)-La-S 29502 350 1.0 X 103 23 % 107!

destimated value.

energy gap between the 'Gy and °F4 is approximately 3000 cm~! [111,
112, 132, 133]. Therefore the selection of a host glass with a low phonon
energy is very critical in this case. In silica glass, for example, the highest-
energy phonon is about 1100 cm~' as shown in Table 3.7 [134] and only three
such phonons are needed to bridge the 'G4—F,4 gap. This leads to a complete
quenching of the 'Gy level in silica glass and no measurable emission can be
expected at 1.3 um [112, 134].

Emission at 1.31 um can only be obtained in glasses with low phonon
energies. For instance, heavy metal fluoride glasses with low phonon energy
(500 cm~!) reduce the non-radiative transition probability substantially relative
to fused silica, and make the 'G4—’Hs transition possible [111-113, 128].
Another nonradiative relaxation process which quenches the 'Gy level is
believed to be concentration quenching, caused by the cross-relaxation of
(!G4—Hs)-(PH4—F,) and (!G4—Hg)—(*H4—F,) transfers as shown in Fig.
3.15. The results of fluorescence lifetime measurements indicate that a Pr’*
concentration in fluoride fiber of less than 1000 ppm is desirable for the
fabrication of efficient Pr’*-doped fluoride fiber amplifiers [106, 132].

Table 3.6 summarizes the amplification characteristics of Pr**-doped fluor-
ide glasses reported in a number of papers. Figure 3.16 shows a typical
example of the gain spectrum of a Pr’*-doped fluoride fiber whose core
diameter is 3.3 um and length is 23 m [106]. The gain was 30.1 dB at
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Fig. 3.15. Possible cross relaxation interaction between Pr’* ions. [Reprinted from Y. Ohishi, T.
Kanamori, T. Nishi and S. Takahashi, /EEE Photonics Technol. Lett. 3 (1991) 715, copyright
(1991) with permission from the Institute of Electrical and Electronics Engineers, Inc.]
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Fig. 3.16. Typical example of gain spectrum of the Pr’*-doped fluoride fiber amplifier.
[Reprinted from Y. Ohishi, T. Kanamori, T. Nishi and S. Takashi, /EEE Photonics Technol. Lett.
3 (1991) 715, copyright (1991) with permission from the Institute of Electrical and Electronics

Engineers, Inc.]
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1.309 um with a pump of 800 mW at 1.107 um. High gains have also been
reported recently at 1.31 pm with a pump of 300 mW at 0.98 pm [118], with a
pump of Nd:YLF laser [120], laser diode [109, 114] and master oscillator/
power amplifier laser diode [115, 121].

In efforts to improve the very low absorption cross section of !G4, co-doping
of Yb3* /Pr’* and energy transfer between Yb** and Pr’* has been examined
recently [109, 118, 135]. A Yb-doped fiber laser and a channel waveguide GGG
laser operating at around 1.02 pm have also been proposed as the pump source
[136, 137].

Although the low phonon energy of fluorozirconate glass certainly reduces
the nonradiative transition probability of 'Gy, the fluorescence lifetime is
approximately 110 s, which is relatively short compared with the calculated
radiative lifetime of 3.2 ms. The quantum efficiency for fluorescence is only
3%. To improve the efficiency of the Pr’*-doped amplifier, other glass hosts
with much lower phonon energy have been investigated to further the multi-
phonon relaxation rate. Table 3.8 summarizes the radiative and nonradiative
characteristics for ! G4 levels of Pr’*-doped glasses with low phonon energy.

Among the fluoride-based glasses, it is known that InF;-based host glasses
have a lower phonon energy than that of ZrF4-based glasses [138, 152]. The
fluorescence lifetime of the 'Gy level in the InFs-based host was ~180 ps,
which means that the lifetime is 64% longer and thus the quantum efficiency
was approximately twice those of ZrF4-based glasses [138]. A single-pass gain
coefficient of 0.36 dB/mW for PbF, /InF3-based fluoride glass [122] and both
0.29 dB/mW [123] and 0.65 dB/mW [124] for InF; /GaF;-based fluoride fiber
(zr = 175 ps) has been achieved. AlF;-based fluoride glasses [160] were also
reported to have a long fluorescence lifetime (148 ps) [141].

Further performance improvements can be obtained by using host glasses
with much lower photon energies such as mixed halides and chalcogenides
[143, 144, 152], as shown in Table 3.8. Figure 3.17 shows the fluorescence
lifetime as a function of maximum photon energy for various host glasses. Due
to the low phonon energy of these glasses, the multiphonon relaxation rate of
the nonradiative transition from 'Gy is low and results in an emission lifetime
7¢ of 300 ~ 380 ps, which is almost three times longer than that observed in
oxide and fluoride glasses and leads approximately to a quantum efficiency of
~60% [143, 151]. Y. Ohishi et al. [144] calculated that a gain coefficient of
more than 1 dB/mW could be obtained using chalcogenide fibers. By using a
strong local electric field around Pr’™, the high refractive index of these glasses
(n>2) induces a high radiative transition rate and hence a large cross section
for the stimulated emission o.. The product of g.7¢, which determines the
small signal gain coefficient or pump power efficiency of a fiber amplifier
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[70, 98], is 2.5 ~ 4.8 X 1072* cm?s [139, 142], i.e. one order of magnitude
higher than that of ZrF,-based fluoride glasses (0.4 X 1072* cm?s) [106]. A
drawback of the chalcogenide glasses is due to the peak emission and hence the
expected gain peak being shifted away from the low-loss window to the longer
wavelength of 1330 nm [142], as shown in Fig. 3.18.

Most recently, Pr3*-doped Ga,;S;-Na,S (66 : 34 mol%) fiber has been fabri-
cated from a preform prepared by an extrusion method and the largest reported
gain coefficient of 0.81 dB/mW has been achieved at 1.34 um [125] and
0.50 dB/mW at 1.31 um [161], as shown in Fig. 3.19.

3.3.2.5 1.3 um amplification in Dy**-doped glasses

The third candidate for 1.3 um amplification is the Dy>* ion, which is also
known to exhibit an emission feature near 1.3 um. The energy level diagram
for the Dy** ion is shown in Fig. 3.11. The transition of interest for 1.3 um
emission is from the °Hg /2" °Fy, /2 doublet to the ground state oH,s /2- Absorp-
tion bands of ®Hyj, ®Hss, and °Fs), exist at 1.25, 0.90 and 0.80 pm,
respectively, all with a large cross section, which makes efficient pumping of
the emitting level possible [162]. However, the energy gap from this doublet to
the next lower lying level °H,; 2 1s relatively small (1800 ~ 2000 cm™)
[162, 163, 165]. For example, only two such phonons need to be emitted to

Photoluminescence (a.u.)

1.2 1.25 1.3 1.35 1.4 1.45 1.5
Wavelength (gm)

Fig. 3.18. Measured fluorescence spectra in the second telecommunication window for Pr3+*-
doped chalcogenide glasses. [Reprinted from D. R. Simons, A. J. Faber and H. de Waal, Opt. Lett.
20 (1995) 468, copyright (1995) with permission from the Optical Society of America.]
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Fig. 3.19. Gain coefficient as a function of pump power for Pr**-doped chalcogenide fiber.
[Reprinted from E. Ishikawa, H. Yanagita, H. Tawarayama, K. Itoh, H. Aoki, K. Yamanaka, K.
Okada, Y. Matsuoka and H. Toratani, Technical Digest, Optical Amplifiers and Their Applica-
tions, Vail (1998) 216, copyright (1998) with permission from the Optical Society of America.]

bridge the energy gap in a fused silica host, in which emission at 1.3 um is
virtually undetectable [163].

Several basic spectroscopic properties including lifetime, radiative transition
probabilities and quantum efficiency, were evaluated primarily in chalcogenide
with the lowest photon energy. Table 3.9 summarizes the results that appear in
the papers. An effective branching ratio of 0.98 is predicted, compared with
0.60 for Pr3*-doped chalcogenide glasses [162, 163, 165]. Another advantage
of the Dy>*-doped chalcogenide (Ge : Ga: S) glass is the shorter peak emission
wavelength (1320 nm) which is close to the 1310 nm window [165], compared
with the Pr3*-doped chalcogenide glasses.

3.3.3 Fiber laser oscillators

A typical configuration for a fiber laser oscillator is schematically shown in Fig.
3.20. Resonant structures for oscillator cavities have been formed by butting
cleaved fiber ends to dielectric mirrors [62] or by the application of the dielectric
coating directly onto the fiber ends [167]. A typical example of the output power
as a function of pump power for the fiber laser is shown in Fig. 3.21 [62]. A
great number of continuous wave operations, Q-switching and mode-locking
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Rare-earth-doped fiber
Lens Lens
Pump source .

Detector

Mirror
Ti-sapphire laser

Laser diode

Fig. 3.20. Typical configuration of fiber laser oscillator.

Fiber laser output power (arb. unit)

L i ]

0 0.5 1.0 15

GaAlAs laser diode output power (mW)

Fig. 3.21. Typical example of the output power as a function of pump power. [Reprinted from
R. J. Mears, L. Reekie, S. B. Poole and D. N. Payne, Electron. Lett. 21 (1985) 738, copyright
(1985) with permission from the Institute of Electrical Engineers.]

operations have already been demonstrated at room temperature in fiber lasers
for almost all of rare-earth elements in fluoride-based and silica-based fibers.
Table 3.10 summarizes rare-earth ions that have exhibited laser oscillations in
glass fiber form and includes sensing ions, the initial and final energy state, and
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Table 3.10. Rare-earth ions, lasing transition, and wavelength of fiber laser

oscillator
Range of lasing
Ion  wavelength (um) Transition References
Prit 0.490-0.492 3Po — 3H,, 'Is — 3Hs 170, 171
(Yb/Pr) (*y*Py — *Hy, 'Is — *Hy 175, 176, 273-276
0.520 3P, — 3Hs, (*)’P, — *Hs 170, 171, 175, 275, 276
0.521 3Py — 3Hs 179
0.599-0.618 I, 3Py — °F,, 3Hg 169-171, 175, 180
()16, *Py — *F,, *Hg
0.631-0.641 °Py — 3F,, (")’Py — °F  169-171, 175, 178—180, 275
0.690-0.703 P() — 3F3, 3P1 — 31:“4 169
0.707-0.725 3Py — 3F, 169, 171
0.880-0.886 3P, — 'Gy 169
0.902-0.916 3Py — 'Gy4 169
1048 1D2 i 3F3 4 174
1.294-1.312 1G4 — 3H; 112,168,172, 173, 177, 265
Nd3+ 0.381 ( ) D3/2 i 111/2 190, 271
0.412 ( ) Py — 4 Ly 271
0.90-0.945 F3 — 4 ly» 93, 183, 282
1.049-1.088 4F3/2 — "l 59-61, 93, 167, 181, 182,
184—-186, 188, 191, 264, 272,
278
1.3-1.36 4F3/2 — 113/2 95,102, 184-189, 265
Sm3* 0.651 G5/2 — SHy 192
Ho*t 0.550 ( *YFs, °S; — 3lg 196, 257, 281
(Tm/Ho) 0.753 (*)’Fy, 582 — 31 196
1.195 g — g 197
1.38 5S,,3Fy — 31 193
2.04-2.08 °I; =l 193, 194, 199-201
2.83-2.95 g — Iy 188, 195
3.2 5Ty, S, — 3Fs 283
3.95 515 — g 198, 280
Er’t 0.54—0.546 ( S50 — His) 215,216,218
(Yb/Er) 0.981-1.004 111/2 — 4115/2 211, 220
1.534-1.603  “ly3 — 4115/2 181, 203-207, 209, 210,
212,213, 220-224, 259-261,
277
166 4111/2 — 19/2 213
172 S3/2 — 19/2 213, 219
2.69-2.83 111/2 — 113/2 188, 202, 208, 214, 219, 263
3.483 { 217,262
Tm3+ 0.455 )'D; — 3H4 231, 258
(Yb/Tm)  0.480-0.482 ( ) Gy — 3H6 231, 241, 250, 252, 267, 279
0.650 ( )Gy — 3F, 241
0.803-0.810  (*)*F4; — Hg, °F4 — 3Hg 229, 235, 246
1.445-1.51 3Fy — 3Hy, 'Dy — 'Gy 229, 231, 236, 239, 243, 248,

266, 268, 269
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Table 3.10. (cont.)

Range of lasing

Ion  wavelength (um) Transition References
1.82-2.078 *Hy — *Hg 226, 228-230, 232-234, 236,
238, 240, 244, 245, 247, 249,
268
22-25 3F; — *Hs 225,227,229, 236-238, 251
Ybt 0.98-1.14 2F5/2 — 2F7/2 136, 242, 253-256, 270

*: Up-conversion

laser wavelengths reported up to the present. Figure 3.22 summarizes the energy
levels, transitions and approximate wavelengths of the trivalent lanthanide ion
lasers in fiber form, which appear in Table 3.10. Figure 3.23 also summarizes
the spectral range of rare-earth fiber lasers reported up to date.

The laser oscillations summarized in Table 3.10 and Fig. 3.22 include the
excitation process of up-conversion, which has attracted a great deal of interest
due to the simplicity of this approach which is used to convert efficient and
high-power infrared laser diodes to visible light, especially in the blue spectral
region. In the fiber laser oscillator, the confinement of pump radiation in a
small core fiber leads to a rapid multiple step pumping of high-lying metastable
energy levels. Several up-conversion pumped visible-laser systems that are
based on lanthanide-doped fluorozirconate glass fiber have been reported (see
refs. in Table 3.10). Typical up-conversion processes are also summarized in
Fig. 3.24, with the approximate energy levels.

The broad range of potential operating wavelengths provided by fiber laser
oscillators makes them useful for a number of applications as light sources in
spectroscopic measurement, optical sensing and medical applications.

The operation of a high-grade navigation fiber gyroscope requires an optical
source with a broadband spectrum (10 ~ 20 nm) to reduce coherent errors due
to back scattering and polarization cross-coupling [284—286]. The super lumi-
nescent diode (SLD) [287], which is currently employed, generally has relatively
low coupling to single-mode fibers, spectrum sensitivity to optical feedback and
more seriously, wavelength sensitivity to temperature. Recently a new broad-
band source made of a superfluorescent fiber laser and doped with various rare-
earth ions such as Nd [285, 286, 288], Yb [289], Pr [290], Er [291, 292] and Sm
[293] was proposed and a fiber gyroscope experiment has been demonstrated. A
single mode superfluorescent Er/Yb optical fiber source capable of generating
more than 1 W of output power was also recently reported [294].
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Fiber lasers doped with Ho?*, Tm3** and Er** (see Table 3.10 and Figs. 3.22
and 3.23) operate at around 2-3 pm. For instance, CW operation in the
2.75 pm region was established on the *Ij;, ~ *I;3/, transition in an Er**-
doped fiber at the pumping wavelengths of 650 and 798 nm (*1;5/,—*Fy 2, *Io/2)
and by an argon ion laser 488 nm into the *F, /2 level or 514.5 nm into the
’H,, 2 level [188,202]. It is usually difficult to achieve on the transition
1y, /2—4113 /2 since in most host materials the lifetime of the Ty, /2 upper lasing
level is shorter (approx. 5.2 ms) than that of the *I3 /2 lower lasing level
(approx. 9.4 ms), making it a self-terminating system. There is concurrent
lasing at 1.55 pum from the *I;3 /2 to the ground state [295], a strong ESA of the
respective pump at 476.5 nm from the *I;3 ), to the *Gy/5: ?Kys/2 : *Gy, band
[202], or at 650 nm and 800 nm into the *F;, and *Fs,, or *Hy;/, [188] which
sufficiently depopulates the *I;5 /2 level to allow population inversion to be
maintained between the *I;, /2 level and the 5 /2 level and hence allows CW
lasing [202]. This wavelength region is of interest as providing potential
sources for molecular-absorption spectroscopy, eye-safe laser radar, monitoring
of important molecules such as water, carbon dioxide, hydrogen fluoride, and
offers possibilities for sensor applications [236]. Medical applications of long-
wavelength lasers take advantage of the water absorption peaks centered at
wavelengths of 1.9 and 2.9 um. Lasers at a wavelength of approximately 2 um
are eye-safe lasers that get absorbed before reaching the retina. Light at this
wavelength is also strongly absorbed by water and does not penetrate beyond
the outer layers of tissue. They are thus useful for tissue coagulation and allow
cutting without bleeding [296]. They can also be used for tissue excision,
removal of arterial plaque, cutting bone and drilling teeth [297].

Mid-infrared fiber lasers operating at a wavelength of 4.0 um also offer
numerous applications since this wavelength is the minimum attentuation
wavelength of the atmosphere [198].

Erbium-doped fibers seem to offer the best possibility for sources in the
useful 1.55 um telecommunications window [203, 205, 206, 212]. Short-pulse
fiber lasers at 1.55 um make attractive sources for long-range high-spatial
resolution-distributed temperature sensors that are based on the technique of
optical time domain reflectometry (OTDR) [298].

Yb?*-doped fiber lasers operating on the 2Fs /2—2F7 /2 transition are attractive
owing to their wide pumping range extending from 0.8 to 1.0 um and are
efficient means of generating a laser output from 975 to 1180 nm. Moreover,
they have only one excited level with a negligible multiphonon relaxation rate
in most materials [299]. There are no problems with excited-state absorption of
either lasing or pumping photons. Yb3* lasers operating at wavelengths beyond
1 um are essentially four-level systems, because the energy level diagram
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shows the three energy levels of the *Fs /2 manifold and the four levels of the
’F, /2 manifold [253]. Due to the host dependence of Stark splitting, spectro-
scopy of Yb*T and hence lasing characteristics depend on the host materials. In
comparison with silica, the ZrF4-based fluoride glass is a better host in terms of
the emission wavelength but, in contrast, is not so good in terms of the pump
wavelength [136]. A Yb>T-doped fiber laser has been used to provide the pump
wavelength, 1020 nm, required for pumping a Pr3*-doped ZBLAN fiber [136].

3.3.4 Recent progress

Rare-earth doped chalcogenide glasses represent a group of materials that
provide new opportunities for applications in fiber-amplifier and mid-infrared
laser devices. Compared with other glass hosts, chalcogenide glasses have
some unique properties, as they typically possess a high refractive index and a
very low phonon energy. As a result, a large stimulated emission cross section
and a low nonradiative relaxation rate can be expected, which enhances the
probabilities of observing new fluorescent emission that is normally quenched
in oxide glasses. This makes chalcogenide glasses extremely attractive as high-
quantum efficiency host materials for rare-earth ions. In addition, because of
their good chemical durabilities and good glass-forming abilities, chalcogenide
glasses that have been doped with rare-earth ions show promise as fiber
amplifier and fiber oscillator materials. Chalcogenide glasses doped with
(Nd3+) [159, 278, 300, 301], (Er**) [148, 302-305], (Pr**) [159, 306], (Dy>*)
[164, 166], and (Tm>*, Ho**) [307] have recently been studied as candidates
for fiber laser devices.

There is currently much interest in some Pr’*-doped transparent glass
ceramics which consist of an oxyfluoride for 1.3 um optical communications.
These glass ceramics contain fluoride nanocrystals with a diameter of approxi-
mately 15 nm embedded in a primarily oxide glass matrix, which combine the
optical advantages of a fluoride host with the mechanical and chemical
advantages of oxide glass [308]. The measured quantum efficiency # for Pr’*
in the glass ceramics (Si0,—Al,03—CdF,—PbF,—YF;) is significantly higher
than the value of 2.4% obtained for the fluorozirconate host. This high # is due
to the Pr’" ions primarily incorporated into the fluoride nanocrystals [309,
310]. Similar glass ceramics that have been doped with (Er*t) [312, 313],
(Yb*H) [312], (Tm?T) [314] and (Eu®") [311] have also been studied for
potential application in frequency upconversion.

High-peak-power fiber lasers have also been the subject of much interest
during the last few years for various applications in micro-machining. These
applications require high intensities of the pump light from multimode diode
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laser arrays. Such a power scaling in conventional rare-earth-doped monomode
fibers is, however, limited because of a poor coupling efficiency between the
laser diode array and the single mode core of the fiber. A large fiber diameter
which is matched to the emitting area of the high power diode laser arrays
increases the efficiency, but leads to multimode operation and reduced beam
quality. To overcome these problems, clad-pumping techniques have been
developed [315-317].

A clad-pumping fiber consists of a rare-earth-doped single mode inner core
(for instance, 5 um) enclosed by an undoped multimode outer core (or inner
clad) of much larger area (for instance, a rectangular shape with dimensions of
150 pm X 75 um) [318,319]. The pump light couples efficiently with the
multimode outer core and is absorbed whenever light crosses the inner core.
Up to 100 W of pump power light can be launched into the outer core. Nd- or
Yb-doped clad-pumping fiber lasers have generated output powers in excess of
10 W for CW operation [317-320]. Several kW of peak power and up to
500 mW average power have been obtained by Q-switching operations
[318,319].

3.4 Waveguide lasers and amplifiers
3.4.1 Fabrication of channel waveguide structure

Glass is considered to be a good candidate for passive integrated optical
components with low cost and low propagation losses. To date a number of
glass waveguide devices such as star couplers and access couplers have been
successfully fabricated by a variety of methods. The rare-earth-doped glass
waveguide may offer an unusual method of realizing more compact and
efficient laser devices that would be difficult to duplicate with rare-earth-doped
fibers. In particular, Nd and Er-doped waveguide lasers and amplifiers,
fabricated by a variety of methods, have received increasing attention in recent
years, because they can be applied not only in optical amplification in the 1.3
and 1.5 um window but also in potentially stable and high-power laser sources.
Early developments in Nd**-doped and Er**-doped glass waveguide lasers and
amplifiers are reviewed by E. Lallier [321].

Ion exchange is a well-known and widely used fabrication process for
waveguide structure [322—326] because this technique permits low propagation
losses below 0.1 dB/cm, and the use of commercially available and excellent
laser glass substrates. The channel waveguides were formed in the laser glass
substrate, for instance, by the usual ion-exchange process [327—-330] or by
diffusion of an Ag thin film as an ion source [331, 332].
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Rare-earth-doped ridge-shape waveguide lasers have also successfully been
fabricated [333—336] on Si substrates by flame hydrolysis deposition (FHD)
and reactive ion etching (RIE) techniques. Sputtering techniques [337—-340],
electron beam vapour deposition [341], the pulsed laser deposition technique
[342] and the MCVD method [343] instead of FHD have also been used for
fabricating a ridge-shape waveguide laser with single transverse operation. lon
implantation has been applied to waveguide fabrication [344] and also to local
doping of rare-earth [345] ions into the glass substrate. The sol-gel method has
also been used to make an Er’*-doped planar waveguide structure and up-
conversion fluorescences were characterized [346].

For some of the rare-earth-doped glasses that have been optimized for laser
applications, the ion-exchange technique is not well suited to waveguide
fabrication. Such problems are particularly severe with fluoride glasses, which
are the best glass hosts for the most interesting rare-earth ions. In order to
overcome these problems, new ion-exchange techniques, such as a treatment in
the Li or K organic melts, or anionic exchange by substitution of F~ with
OH~, OD~ or Cl~ [347-352] have been applied to multicomponent fluoride
glasses. Diffusion of an AgF nonmetallic film into rare-earth-doped fluoroin-
date glass substrates [353], vapour phase deposition of the fluoride glass
composition [354], and sol-gel synthesis of fluoride glasses from both metal,
organic and inorganic precursor systems [355] have also been investigated for
the fabrication of fluoride waveguide devices.

Figure 3.25 shows a typical configuration of a waveguide laser oscillator,
together with the channel waveguide structure which was fabricated by an ion-
exchange technique and a ridge waveguide structure fabricated by FHD and
RIE techniques [335]. A laser cavity is formed by two mirrors directly coated
or by butting dielectric mirrors on the cleaved ends of the waveguide. The
beam from the diode laser is focused into a fiber and guided into the
waveguide.

3.4.2 Lasing characteristics

3.4.2.1 Nd**-doped waveguide laser

An early experiment on a glass waveguide laser was reported by M. Saruwatari
et al. [356] using a Nd-doped glass waveguide made by an ion-exchange
technique. They formed a 500 um sized waveguide in Nd**-doped borosilicate
glass using the field-enhanced ion-exchange technique and realized pulse
oscillation under dye laser pumping at 590 nm. It was confirmed in this
experiment that the threshold of the waveguide laser decreases to one-half that
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Fig. 3.25. (a) Typical configuration of waveguide laser oscillator and structure of waveguide
laser fabricated by (b) ion exchange technique and (c) flame hydrolysis deposition and reaction
ion etching technique. [(a) reprinted from H. Aoki, O. Maruyama and Y. Asahara, /EEE
Photonics Technol. Lett. 2 (1990) 459, copyright (1990) with permission from the Institute of
Electrical and Electronics Engineers, Inc. (c) reprinted from T. Kitagawa, K. Hattori, M. Shimizu,
Y. Ohmori and M. Kobayashi, Electron. Lett. 27 (1991) 334, copyright (1991) with permission
from the Institute of Electrical Engineers.]

for the conventional bulk laser. During the last decade there has been intense
research on rare-earth-doped glass waveguide lasers as compact and efficient
optical devices. For instance, multimode waveguides have been fabricated on a
Nd3**-doped phosphate glass substrate with field-enhanced Ag-diffusion tech-
nique [331, 332]. The cross section of the waveguide is semicircular with a
width of 90 ~ 200 um. By pumping at 802 nm with a high power LD, CW
oscillation was observed at 1054 nm. Maximum output power was higher than
150 mW and slope efficiency was as high as 45% especially in the case of
200 mm core waveguides as shown in Fig. 3.26 [332]. The performance is
comparable with that of miniature lasers and may find application as a compact
microlaser source.

A nearly single-transverse-mode channel waveguide laser was also fabri-
cated using a field-assisted K™—Na* ion exchange on a Nd**-doped soda-lime
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Fig. 3.26. CW lasing characteristics of Nd>*-doped glass waveguide laser at 1054 nm.
[Reprinted from H. Aoki, O. Maruyama and Y. Asahara, /EEE Photonics Technol. Lett, 2 (1990)
459, copyright (1990) with permission from the Institute of Electrical and Electronics Engineers,
Inc.]

silicate glass substrate [327], using FHD and RIE [334, 357], and also using a
magnetron-sputtering technique [339]. Almost single mode CW oscillations
have been observed in each case.

A narrow linewidth waveguide laser has been demonstrated using an
intracore Bragg grating, as distributed Bragg reflectors (DBR). This type of
waveguide laser was proposed by S. 1. Najafi et al. [330] and realized for the
first time by J. E. Roman et al. [358, 359]. A 5.5 mm long and 0.35 um period
square-wave grating as shown in Fig. 3.27 was produced holographically in
photoresist and then etched into the waveguide using argon ion milling. A
grating period followed from the Bragg condition
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Fig. 3.27. Glass waveguide laser with distributed Bragg reflector. [Reprinted from J. E. Roman
and K. A. Winick, Appl. Phys. Lett. 61 (1992) 2744, copyright (1992) with permission from the
American Institute of Physics.]

A = Ag/2Nur (3.40)

where A is the wavelength at peak reflectivity and N.g is the effective index of
the guided mode. The laser operated in a single longitudinal mode with a line
width less than 37.5 MHz spectrometer resolution.

The 1.3 wm spectral region is an important channel in fiber optic telecom-
munications because of the low-loss and favourable dispersion properties of
fused-silica fiber. Glass waveguide lasers operating in this wavelength region
have also been demonstrated [360, 361]. Table 3.11 summarizes the oscillation
characteristics of the Nd**-doped glass waveguide lasers reported up to date.

3.4.2.2 Er’t-doped waveguide laser

The Er’*-doped silica waveguide laser operating around 1.6 um was realized
using a low scattering-loss planar waveguide with an Er-doped silica core
which was fabricated by the FHD and RIE techniques on a Si substrate [335].
CW lasing was achieved successfully with an incident threshold power of
49 mW for pumping at 0.98 um. Laser oscillation at around 1.55 um was also
achieved for the ion-exchanged waveguide in Er’'-doped glass [368] and
Er’t /Yb*T co-doped glass [372]. More recently, the single-longitudinal mode
operation was demonstrated [369] by using an Er’*—P,Os co-doped planar
waveguide laser with Bragg grating reflectors. Arrays of distributed Bragg-
reflector waveguide lasers at 1536 nm in Yb/Er co-doped phosphate glass has
also been reported [378].
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3.4.2.3 Other rare-earth-doped waveguide lasers

The planar waveguide laser in the 2 um region was created by implantation of
the polished surface of the Tm**-doped germanate glass with 2.9 MeV He ™"
ions [344]. Laser operation of the H4—Hg transition of Tm3* ions was
observed in this waveguide. The lasing characteristics of Er3* and other rare-
earth-doped glass waveguides were listed in Table 3.11.

3.4.3 Amplification characteristics

3.4.3.1 Nd**-doped waveguide amplifier

The first account of the amplification characteristics of an active glass
waveguide was reported by H. Yajima et al. [337]. They sputtered Nd-doped
glass on Corning 7059 glass substrate and pumped them with a Xe flass tube.
The increases in power amplitude of a 3 cm-long Nd-doped glass thin
waveguide was only 28% (0.36 dB/cm). More recently, thin film waveguides
of Nd**-doped phosphate laser glass [339] and ion-exchanged waveguides in
Nd**-doped laser glass [379] have been investigated extensively. Recent results
[380, 381] on ion-exchanged waveguides have reported a 15 dB amplification
at 1.06 um. The amplification characteristics of Nd**-doped glass waveguides
are summarized in Table 3.12.

3.4.3.2 Er**-doped waveguide amplifier

The amplification characteristics of Er’*-doped glass waveguides that were
fabricated by using the RF sputter technique were investigated to realize
waveguide amplifiers operating at around 1.55 um for optical communications
[340]. By pumping the waveguide with 120 mW of power at 975 nm, the
1.53 pm signal intensity was enhanced by 21 dB. The measured gain was,
however, 0 dB for a 2.4 cm long waveguide due to the waveguide loss. Er’*-
doped silica-based waveguides fabricated by FHD and RIE on Si substrates
have also been developed [382, 392]. The small signal amplification power
characteristics of the 19.4 cm-long waveguide are shown in Fig. 3.28. A net
gain of 13.7 dB was obtained at a wavelength of 1.535 um with a pump power
of 640 mW. Quite recently, a 15 dB net gain has been achieved on a 4.5 cm
long amplifier which was fabricated from Er**-doped soda-lime glass films by
RF sputtering [385, 388].

The optimization of an Er’*-doped silica glass waveguide amplifier was
discussed by taking concentration quenching and cooperative upconversion
effects into account [393—396]. As a result of these discussions, a gain of
20 dB was calculated with an Er** ion concentration of 0.4 ~ 0.7 wt% when a
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Fig. 3.28. Amplification characteristics of the 19.4 cm long Er-doped silica waveguide. [Rep-
rinted from T. Kitagawa, K. Hattori, K. Shuto, M. Yasu, M. Kobayashi and M. Horiguchi, Electron.
Lett. 28 (1992) 1818, copyright (1992) with permission from The Institute of Electrical Engineers.]

20 wt% P,Os-co-doped waveguide was used [395]. A 12 dB gain at 150 mW
pump power has also been estimated with a 4 cm-long waveguide in high Er**-
doped phosphate glasses [396].

Efficient Yb*" to Er’* energy transfer is a useful mechanism to reduce
performance degradation due to the Er’* ion—ion interactions. Numerical
calculations based on realistic waveguide parameters demonstrated the possibi-
lity of achieving high gain with a short device length. A gain coefficient of
1.5~3.0dB/cm was estimated numerically on the higher concentration
Er** /Yb** co-doped waveguide amplifiers [397, 398]. A diode-pumped planar
Er/Yb waveguide laser has also been demonstrated recently [371]. The
amplification characteristics of Er** and Er** /Yb’*-doped glass waveguides
are listed in Table 3.12.

3.4.4 Devices based on glass waveguide lasers

The growing need for a cost-effective extension of optical networks from the
kerb to business premises, or even the home, has made the development of
lossless devices highly desirable. One such device is a lossless splitter as shown
in Fig. 3.29 (a) and (b), which takes an incoming signal from an optical fibre
and divides it between multiple output fibers but maintains the signal strength
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Fig. 3.29. Devices based on the glass waveguide lasers (a) Y-branch loss compensator, (b) loss-
less beam splitter, (c) modulator.

with an integrated optical amplifier. Such a device was built by N. A. Sanford
et al. [374]. They demonstrated that the 3 dB attenuation suffered by a single
output channel of the device owing to uniform splitting is recovered by the
absorption of approximately 85 mW of pump power. Lossless splitting over the
wavelength range 1534 ~ 1548 nm was also achieved using a Er** /Yb>* co-
doped borosilicate glass waveguide fabricated by T1"-ion exchange [390].

A successful system demonstration of a four-wavelength integrated-optics
amplifying combiner has been reported [399]. This device is based on an
Er** /Yb3*-doped waveguide amplifier and integrated splitters. The arrange-
ment consists of an all-connectorized 4 X 1 glass splitter followed by a 4.5 cm-
long Er**/Yb3*-co-doped waveguide amplifier. In the amplifying section,
11.6 dB of net gain for a single-pass configuration and 23 dB for a double-pass
was recorded. These results show their potential use in the manufacture of
lossless telecommunication devices [399].
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Another example of waveguide laser applications is a thermo-optic phase
modulator which consists of Y-junction glass waveguide as shown schemati-
cally in Fig. 3.29 (¢) [400]. The Y-junction waveguide was fabricated by K-
ion exchange in BK7 glass that was doped with 1.5 wt% Nd oxide. An
aluminium electrode with dimensions of 5 mm X 0.2 mm X 10 mm and a
resistance of approximately 200 €2 was positioned next to one branch of the
waveguide. Figure 3.30 shows the response of the laser output waveforms to
the applied square-wave voltage of 100 Hz, which was stepped between 0 and
3.3V, while maintaining a constant pumping level [400]. The Q-switched
pulses were long because of the slow response of the thermo-optic modulator.
More recently, a tunable Y-branched Er-doped glass waveguide laser was also
built [401].

An active [362] and passive [365] Q-switching operation have also been
demonstrated using a Nd-doped channel waveguide, which generated Q-
switched peak power of 1.2 W and 3.04 W, respectively. A high-power
Er** /Yb** co-doped glass-waveguide, Q-switched laser which generated [373]
67 W peak power and a 200 ns pulse at a 1 kHz repetition rate has also been
described.
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Fig. 3.30. Lasing power characteristics of the glass waveguide modulator. [Reprinted from E.
K. Mwarania, D. M. Murphy, M. Hempstead, L. Reekie and J. S. Wilkinson, /IEEE Photonics
Technol. Lett. 4 (1992) 235, copyright (1992) with permission from the Institute of Electrical and
Electronics Engineers, Inc.]
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4

Nonlinear optical glass

Introduction

There has been considerable activity in the development of photonics devices
such as all-optical switches and modulators for many applications in optical
communication and optical computer systems. The success of such devices
depends on the development of nonlinear optical materials. Various types of
glass are very attractive materials for these applications, because of their strong
nonlinearities and their relatively fast response time, and in addition, they are
mechanically durable and are compatible with fiber and waveguide fabrication
procedures. They are also very attractive from the basic viewpoint of under-
standing the physical mechanisms of optical nonlinearities in materials.
Generally, optical nonlinearities of glass materials can be divided into two
principal categories [1, 2]: resonant and nonresonant.

Nonresonant nonlinear glasses range from optical glasses to high-refractive-
index glasses such as heavy-metal oxide glasses and chalcogenide glasses, and
resonant nonlinear glasses including composite glasses containing semiconduc-
tor or metal microcrystallites. These have been the subject of investigation,
although further developments in photonics switching and information proces-
sing will depend critically on the continuing development of improved glass
materials. In this chapter, we first give a brief survey of the fundamentals of
nonlinear optics and their applications, and then describe the physical mechan-
isms, the fabrication, and the characteristics of nonlinear glass materials and
several examples of their application.
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4.1 Fundamentals of nonlinear optics and applications
4.1.1 General description of nonlinear polarization

Although we are mainly interested in the nonlinear optical effects of glass
materials, it will be useful to consider first an elementary definition for
nonlinear polarization. For a system of elementary charges e located at the end
points of a set of vectors r drawn from a common origin, the dipole moment is
defined as [3]

p=er (4.1)

In a free atom, the center of gravity of the electron distribution coincides with
the nucleus and as a whole, the dipole moment in the absence of an external
field vanishes. When an electric field is applied, the field tends to draw the
center of gravity of the electrons away from the nucleus, resulting in a dipole
moment. On the other hand, the attractive forces between the electrons and the
nucleus tend to preserve a vanishing dipole moment in the atom. Consequently,
the electrons are displaced x slightly from their usual positions and an
equilibrium situation is reached. This distortion of the electronic cloud is called
the electronic polarization and it is represented schematically in Fig. 4.1.

The medium which concerns us in optics can be thought of as a collection of
charged particles: electrons and ion cores. The macroscopic polarization P
induced in the medium is thought to be a collection of induced electric-dipole
moments and if there are N electric dipoles per unit volume, then

P=>"p=Np=> a(Eic)=7E (4.2)

where « is called the electronic polarizability of electron, y is the macroscopic
susceptibility and E is the applied electric field vector [3]. If we consider a

Electric field, E

Nucleus

Electron cloud

Fig. 4.1. Schematic illustration of the electronic polarization of an atom (ion) relative to the
nucleus under influence of an external field E.
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one-dimensional system for simplicity, the effect of the field on a dielectric
medium can be expressed in terms of macroscopic susceptibilities y and
applied field E.

4.1.2 Optical nonlinearity of the medium

The motion of the charged particles in a dielectric medium can only be
considered to be linear with the applied field if the displacement x is small: the
induced electric polarization P varies linearly with the electric field E. For
large displacements, however, the restoring force includes additional anharmo-
nic terms and the response is no longer perfectly linear in ). Then the
polarization P may be described by expanding the polarization as a power
series of the field E, and the susceptibility y(E) of a material is divided into
different terms [4—6]

P=yVE+yPE +OF + ..

=Y(E)E 4.3)
WE) =V +yPE+ VB + ... (4.4)
Here, ! denotes the usual linear susceptibility and ¥, ¥®, ... are referred

to as nonlinear susceptibilities of the medium.

A light wave consists of electric and magnetic fields which vary sinusoidally
at optical frequency. The effect of the optical magnetic field is, however, much
weaker and is usually eliminated. For example, if we consider the effect of the
alternating electric field of light, E(¢) = Eyexp(iwt), where w is the optical
frequency and Ej is the field at maximum amplitude, the second terms of Eq.
(4.3) correspond to the second-order effects, giving an oscillating polarization
that varies with 2w, resulting in an effect known as second harmonic generation
(SHG) [6]. Similarly, the third-order term will give rise to frequency tripled
light which is called third harmonic generation (THG).

In a material with inversion symmetry, opposite directions are completely
equivalent and the polarization must change sign when the optical electric field
is reversed. This condition can be satisfied only if the second-order nonlinear
susceptibility y® is zero. In an isotropic medium such as glass, the nonlinearity
is therefore mainly caused by the third-order term of Eq. (4.3) [4, 5] which we
will now be considered.

According to the theory of electric and magnetic susceptibilities, the macro-
scopic quantity y and, from atomic theory, the dielectric constant are connected
by the following relation for a one-dimensional system [3]
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P={(e—1)/4n}E
=yE 4.5)
e = (1 + 4my) (4.6)
where ¢ is the static dielectric constant. Now introducing a complex index of
refraction, n = n — ik and a complex dielectric constant, € = &' — ie”, whose

real part n is the ordinary index and imaginary part k is the extinction
coefficient, the relation between them is given by

e=¢ —ie" = n* = (n—ik). 4.7)
When £ is small, the index of refraction is given by
n? =e=(1+4my) =1+4a@pV + P E?). (4.8)

The field-dependent part is also frequently expressed in terms of the time-
averaged optical electric-field amplitude E as (E?). The total local index is
therefore given by [4, 5, 7, 8]

n = ny+ ny(E*)
= ng + nH|E?|. (4.9)

If | E?| corresponds to |E3|, then the two nonlinear coefficients are related by
ny = (1/2)n,. On the other hand, the phenomenologically observed intensity-
dependent refractive index is defined by

n=ny+ nyl (4.10)

where [ is the average beam intensity in units of W/cm?, ng is the linear
refractive index of the material, and the coefficient of proportionality n; is
called the nonlinear refractive index. Conversion between the two systems is
made with [8]

ny (esu) = (cng/40m) (n3)(m* /W) 4.11)

where c is the velocity of light in vacuum. The variable n;, is also related to x>
by [4, 8]

ny (esu) = (127/np) ¥ (esu). (4.12)

The dominant nonlinearity in this case is at a frequency well below the band
gap. This effect is often referred to as ‘non-resonant’ in the sense that the
excitation does not coincide with an absorption resonance.

If a complex nonlinear susceptibility ¥y = Rey® —iImx® is introduced,
the imaginary part of ¥ contributes to a change in the absorption coefficient,
so that, the absorption coefficient a is a function of light intensity and is
described by [9]
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a=ay+Ada

=ag+pIl (4.13)
where [ is a nonlinear absorption coefficient. From the definition of Eq. (4.7),

the absorption coefficient is given by
a(w) = (4nw/cn) Im y. (4.14)
Thus, f is related to the imaginary part of the third-order nonlinear suscept-

ibility, Imy®, by

B=(32n’w/c*ng) Imy. (4.15)
In this case, excitation above the absorption edge generates predominantly real
excited-state populations and the nonlinearities are ‘resonant’. The optically-

induced changes in the refractive index can be calculated from the optically-
induced changes in absorption through the Kramers—Kronig transformation

An(w) = (c/a'c)PVJ

0

o

‘[Aa(a)’)/(a)’z —wH)]do’ (4.16)

where, An(w) and Aa(w’) are the change in the refractive index and in the
absorption, respectively, and PV denotes the principal value [10, 12].

4.1.3 Measurement of nonlinear optical properties

4.1.3.1 Degenerate four-wave mixing (DFWM) [13, 14]

The basic geometry of four-wave mixing (FWM) is illustrated schematically in
Fig. 4.2 (1). The FWM process involves the two strong counterpropagating
pump beams /; and /,, and the weak probe beam /3 injected at an arbitrary
angle to the pump wave. The three beams interact in the nonlinear medium to
produce a nonlinear polarization P which then generates the phase conjugate
beam /4. The situation in which all four waves are at the same optical
frequency w is referred to as degenerate four-wave mixing (DFWM).

In the limit of low absorption, the ¥‘® value of the sample is determined
according to the following simple equation for the intensity ratio of the phase
conjugate beam /4 to the probe beam /3, [15, 16]

R=1,/1;
= (10240 @’ 11 I/ n* ) {} PV [{1 — exp(—al)} /al* exp(—aLl). (4.17)

Here, a is the absorption coefficient, /; and /, are the intensity of the forward
and backward pump beams respectively, 7 is the linear refractive index, c is the
light velocity, and L is the thickness of the nonlinear medium.
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Fig. 4.2. Basic geometry for the measurement of a third order optical nonlinearity. (1)
Degenerate four wave mixing; (2) forward degenerate four-wave mixing; (3) pump-prove
method; (4) third harmonic generation method; (5) z-scan method.

4.1.3.2 Forward DFWM

A configuration is schematically shown in Fig. 4.2 (2). Two incident beams
(wave vectors k; and k,) are focused upon a resonant nonlinear material. For
sufficiently small absorption the two beams write the grating by the third-order
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nonlinear optical effect, which will simultaneously self-diffract and generate
two parametrically mixed waves (2k, — k; and 2k — k;). Taking into account
the absorption a, the diffraction efficiency #, which is defined as the intensity
ratio of the diffraction beam to the incident beam /, is written in the following
equation as [17]

n = @'’ n* {1 = TP’T/o?} P 1 (4.18)
where a and T are the absorption coefficient and the transmissivity, respec-

tively and »n and ¢ are the linear refractive index and the velocity of light
respectively.

4.1.3.3 Pump-probe technique [18]

A configuration is shown in Fig. 4.2 (3). In the usual experiment, a single
frequency pump beam /; is tuned above the bandgap of the material and a
broad-band probe beam 7, monitors the pump-induced changes in the transmis-
sion of the sample. Then, using Eq. (4.16), the nonlinear susceptibility can be
calculated. In this technique, the probe beam is weaker than that of the pump
beams, which minimizes the probe-induced effect. In order to discriminate
against scattered pump beams, the two beams are perpendicularly polarized
and an analyzer which only transmits the probe beams is placed in front of the
detector. The change in transmission of the sample induced by the pump beam
can be measured as a function of pump fluence. The time dependence of the
absorption recovery in the sample is also measured as the delay time between
the pump and the probe beams.

4.1.3.4 Maker fringe method (THG method) [19, 20]

Figure 4.2 (4) shows an experimental arrangement for measurement of the
relative third-harmonic generation (THG) susceptibility of a sample. The THG
intensity /3, from the sample can be theoretically expressed as

Ly ~ I3 {x®VL? sin®(AkL/2)/(AKL/2)? (4.19)
Ak =m/L,
= 6T(Nn30 — Ny)/A (4.20)

where w is the pump frequency, # is the refractive index of the sample, and L is
the effective sample thickness. /, and /3, are the pump and third-harmonic
wave intensity, respectively, L, = A/64n is the THG coherence length of the
sample, A is the pump wavelength and An = (n3,, — n,) is the refractive index
difference between the pump and third harmonic waves. In the experiment, the
%@ value of the sample can be determined by comparing the THG peak
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intensity with the reference sample, assuming that the pump lasers have equal
intensities [21, 22].

2D = O L)) L) (4.21)
for L > L., and
2 = @yl DAL L) (4.22)

for L <« L. Here, the subindex r refers to the reference sample.

4.1.3.5 Z-scan method [23, 24]

An experimental apparatus is shown in Fig. 4.2 (5). The transmittance of a
nonlinear medium is measured through a finite aperture placed in the far field
as a function of the sample position (z) with respect to the focal plane. As the
sample with negative n, and with a thickness much less than the beam depth of
focus is placed well in front of the focus (—z in the figure), the increased
irradiance leads to a negative lensing effect that tends to collimate the beam,
thus increasing the aperture transmittance. With the sample on the +z side of
the focus, the negative lens effects tend to augment diffraction, and the
transmittance is reduced. A positive nonlinearity (n; >0) results in the
opposite effect, i.e. lowered transmittance for the sample at negative z and
enhanced transmittance at positive z.

A quantity AT,_,, defined as the difference between the normalized peak
(maximum) 7, and valley (minimum) transmittances 7, is easily measurable
and is given as a function of the average phase distortion A® as

AT,y >~ p|ADy|, (4.23)
for |A®y| <m, where p = 0.406(1 — 5)0.25, S is the aperture transmittance
and APy is defined as

ADy = 2n/NAng{(1 —e *F)/a} (4.24)
where L is the sample length and An is the on-axis index change at the focus
(z = 0). The nonlinear index n, can be calculated using these relationships.

4.1.4 Applications of optical nonlinear materials

One of the applications based on the third-order optical nonlinear effect is the
phase conjugate mirror [4, 26-29]. As shown in Fig. 4.2, the phase conjugate
beam exactly retraces its original path for the reflection, which will be able to
cancel out any phase aberrations within the laser medium.

On the other hand, if we express the intensity-dependent refractive index as

n = ny+ An(l) (4.25)
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then, a considerable nonlinear phase change A®, given by the following
equation, may be achieved,

AD(I) = 2n/A)An(D)L (4.26)

where L is the optical path length, A is the signal wavelength [25]. As an
example, for A = 1 um and An = 1074, a phase change of 2 is obtained after
1 cm propagation.

A typical example of devices that are derived from these phase-changes is a
Mach—Zehnder interferometer pulse selector [25]. As shown in Fig. 4.3(a), the
nonlinear interferometer consists of Y-junctions and single channel input and
output waveguides. If the two split channels are identical, the signals arrive at
the second Y in the same phase and sum to produce an output signal that is
equal to the input signal, even if the intensity-dependent effects alter the phase
in both channels. If asymmetry is introduced as a difference in channel length,
then the nonlinear phase changes in the two channels will not be equal and the
output power will be nonlinearly dependent on the input power. Hence the input
signal is selected by light intensity. If the directional coupler, by which the
power is coupled between two closely spaced waveguides as shown in Fig. 4.3
(b), is fabricated in a nonlinear material, then the coupling condition will be
intensity-dependent and pulse selection is also possible [25, 30].

Another example is the Fabry—Pérot (FP) interferometer which is shown in
Fig. 4.3 (c¢) [31-33]. The FP transmission curve 7 versus phase change A® is
described by

T = Ty/{1 + Fsin* (49 /2)} (4.27)

where T and F' are constants. If the FP interferometer is filled with a nonlinear
medium, then the transmission of a monochromatic beam through the inter-
ferometer depends on the beam intensity because of the optical-field-induced
refractive index.

The optical Kerr effect can be used in optical switching devices, as shown in
Fig. 4.3 (d). The transmission of the weak signal beam passing through the
nonlinear medium is normally blocked by the crossed analyzer. In the presence
of an intense polarized beam (gate pulse), however, the medium becomes
birefringent, and the signal beam experiences a polarization change in traver-
sing the medium and is no longer completely blocked by the analyzer. There-
fore, by using a picosecond pulse as a gate pulse, a nonlinear medium that has
a picosecond response time can act as a fast optical shutter for a signal beam
which has a picosecond on-off time.
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Fig. 4.3. Standard nonlinear optical devices and their response to optical power, (a) Mach—
Zehnder interferometer — pulse selector. (b) Nonlinear directional coupler. (¢) Fabry—Pérot
interferometer — bistable switching and (d) Optical Kerr shutter.

4.2 Nonresonant nonlinear glasses

The third-order nonlinearity is present in all glass materials, and the dominant
nonlinearity is produced by the excitation in the transparent frequency region
well below the band gap. This effect is intrinsic and often referred to as ‘non-

resonant’.
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Various types of glass are most commonly used as the optical materials, and
are not nonlinear for most applications. At high intensities, however, the optical
nonlinear effect reduces the focal intensity or induces self-focusing which often
leads to more serious local damage to the optical materials. Early studies of
optically induced changes of refractive index were aimed at finding glasses
with small nonlinearities in order to avoid self-focusing in high-power optical
components and laser crystals [34]. Several oxyfluoride glasses and fluoride
glasses have been extensively studied for possible use in high-power laser
applications because of their small optical nonlinearities.

At the opposite extreme, other recent investigations have been directed
towards the largest possible nonlinearities, for all-optical signal-processing and
switching devices as mentioned in Section 4.1.4. Optical glasses with high
refractive indices and high dispersions are good candidate materials for these
applications. In addition, different glass systems are now under investigation
with the aim of increasing their optical nonlinearities by introducing a variety
of modifiers into the glass network.

4.2.1 Nonlinearity of dielectric materials

The total nonlinear refractive index of nonresonant glass materials includes
both electronic and nuclear contributions. The fast component of 7, is believed
to arise from electronic effects. In the presence of a strong electromagnetic
wave, the atom is polarized. For most transparent dielectrics, the third-order
nonlinearity results from the anharmonic terms of the polarization of bound
electrons.

A useful model for the intrinsic nonlinearity of the glasses can be developed
from the equation of motion of, for example, a one-dimensional anharmonic
oscillator. If every electron of charge e and mass m is supposed to be bound in
its equilibrium position by an elastic force, the equation of motion of each
oscillator is given by the following equation [2, 35],

m(d®x/dt?) + my(dx/dt) + m(wix + ux’) = —eE (4.28)
where x is the displacement from the mean position, wy = (f/m)'/? is the
resonance frequency, f is the restoring force constant, y is the damping
constant, 4 is the anharmonic force constant, £ is an applied electric field and
ek is the electrostatic force. The restoring force includes a term that is third-
order in displacement. Ignoring this third-order displacement, and taking the
form of an alternating field £ = Ejexp(iwt) as the applied electric field, the
movement of the electrons can be defined by the equation of harmonic motion.
A solution of this equation is [3, 36]



170 Nonlinear optical glass

x(t) = (—eE/m)/{(wf — &*) + iyw}. (4.29)
The polarization induced in the medium and the related parameters can be
immediately obtained from Eqs (4.1), (4.2), (4.5) and (4.6):

P = —Nex
= (eE/m)/{(wj — 0*) +iyw}
= yE (4.30)
e=1+4my?
=1+ (4nNe? /m)/{(w} — 0*) + iyw}. (4.31)

Now, separating ¢ into its real and imaginary components, and also assuming

w < wyand k < 1, then
2

E=n
= 1+ (4nNe?/m)/(w} — w?) (4.32)
21D(w) = (Ne*/m)/(wf — o). (4.33)

On the other hand, if we assume @ < wy, Eq. (4.28) may also be solved for
a third-order nonlinear susceptibility when one nonlinear term dominates.
Then, a relationship analogous to Miller’s rule for second-order nonlinear
susceptibilities [37]

1 = (mu/ N> eHix Ve)]* (4.34)
is obtained for centrosymmetric materials such as glasses [2].

A more detailed calculation of the optical nonlinearity in terms of the
parameters of linear refractive index and dispersion can be carried out in order
to develop low n, or high n, materials. The measurement of the nonlinear
refractive index coefficient n, involves fairly complicated experimental ar-
rangements and is a time-consuming task. Ignoring the second term of Eq.
(4.28) and taking the local field effects into consideration, C. C. Wang [38, 39]
developed an alternative relationship to Eq. (4.34) for ionic crystals, at low
frequency (w ~ 0):

1 ~ gl VP N (4.35)
where y1 is the linear susceptibility given by Eq. (4.33), f is a local field
correction factor which is usually taken to be the Lorentz local field
f = (n*+2)/3, N is the oscillator strength or the number of effective
oscillators and w, is the mean absorption frequency. The factor g is the
‘anharmonicity’ parameter and is a dimensionless quantity involving the
properties of the ground state as well as the excited states of the system; in
most cases this factor is not directly amenable to measurement. Using the
known values of the ¥V, N.g and w,, he calculated ¥ from Eq. (4.35) and
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compared it with the experimental values of y® for several gases. This
empirical relation held within the available experimental accuracy for gases at
low pressures, showing that g = 1.2 gave a better fit to the data.

4.2.2 BGO model [35] for nonresonant optical nonlinearities

N. L. Boling, A. J. Glass and A. Owyoung (BGO) showed that the relation
(4.35) can be generalized to a wide variety of solids, including some oxide
glasses. The semi-empirical formula that they proposed has been a useful guide
in the search for low and high nonlinear refractive index glasses. Applying the
familiar Claussius Mosotti equation in the case that one polarizable constituent
of the medium dominates, they wrote the nonlinear refractive index in the low
frequency limit (v < wg) as

ny = (gs)(n* + 2)*(n* — 1)* /48mnhiwy(Ns) (4.36)
where s is the effective oscillator strength. In the classical model, the quantity
g is related to the anharmonic coefficient 1 in Eq. (4.30) [35] as

g = ush/mw;. (4.37)
The refractive index can be written as
{(n* — 1)/4n}{3/(n* + 2)} = (Ns)e?/m(wf — »?). (4.38)

Thus, in principle, the parameter Ns and w, can be obtained from any two
values of n(w). A large group of optical glasses were examined on this basis
and a value for gs of about 3 was found to give good agreement for all
materials examined.

N. L. Boling et al. [35] also proposed specifically an expression connecting
the nonlinear refractive index n, with the optical parameters such as n4 and the
Abbe number v4 as follows

ny(10713 esu) = 68(n2 + 2)2(ng — 1)/va[1.52 + {(n} + 2)(ng + Dy} /6n4]"/%.
(4.39)

This expression has successfully related n, at 1.06 um with »n4 and v4 for
weakly dispersive optical materials [34, 35, 40, 41].

4.2.3 Lines’ model for nonresonant optical nonlinearities

The theories of nonlinear response in glasses that have been discussed above
are semi-empirical and only concern the anharmonic electronic response
associated with the individual ion themselves. M. E. Lines [42, 43] introduced
the concept of a bond-orbital theory which led to a semiquantitative representa-
tion of the nonlinear response in optically transparent materials as functions of
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such readily available measures as formal valency, bond length, ionic radii, etc.
Bond orbital theory, in its simplest form, describes the long-wavelength
electronic response as the perturbation of local bonding orbitals by an applied
electric field. Finally, the average nonlinear refractive index n,(av) can be
written in terms of measurable physical quantities as the very simple propor-
tionality:

ny(av) = 2513 (ng — Dd*ES /no[E* — (hw)*1* (107" cm® Jerg)  (4.40)

where d is the bond length, f1 is the local-field factor which is usually assumed
to be the ‘Lorentz local field factor’ (13 + 2)/3, E in eV is the common single
oscillator Sellmeier gap. This is observable from the long-wavelength electro-
nic frequency dependence of the linear response in the form

(ng — 1) ~ {E? — (hw)*} " (4.41)

A direct comparison of his theory with experiment for relative 7, value over 11
halides showed an rms accuracy of 9%.

The nonlinear optical properties of various glasses have been discussed on
the basis of Lines’ model. The measured ¥ values of TeO, glasses reasonably
agree with the calculated ¥ values derived by Eq. (4.40) [44]. However, this
model could not be applied to Sb,O3;—B,03 glasses [45] and BaO-TiO,;—-B,0;
glasses [46], because it is difficult experimentally to evaluate the proper bond
length (d) for these glasses. By using Wemple’s single oscillator approximation
[47, 48] between the dispersion energy (Eq4) and the bond length, Eq ~ d°, a
modified Lines’ equation for ¥©®) was proposed as [45, 46]

1P ~ (n + 2y (n — 1)Ey/E? (4.42)

where n,, is refractive index, E4 is a special parameter called the ‘dispersion
energy’ and Ej is the energy of the effective dispersion oscillator, typically
corresponding to the single oscillator Sellmeier gap Es. These three optical
parameters n,, Eq and Ey can be determined experimentally from refractive
index dispersion data using [47]

(n(w)* — 1) = EqEy/{E} — (hw)*}. (4.43)

4.2.4 Nuclear contributions

The magnitude of the nuclear contribution to the optical nonlinearities was
estimated for a number of glasses [49, 50]. From these results, it was concluded
that the nuclear contribution is 15 ~ 20% of the total response for fused silica
[49] and 12 ~ 13% for sulfide glasses and heavy-metal oxide glasses [50].
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4.2.5 Nonlinear optical properties of nonresonant nonlinear glasses

4.2.5.1 Nonlinear refractive index

The semi-empirical expressions for n; derived by N. L. Boling et al. [35] have
been very useful as a guide for developing relatively high n, materials. The
conclusion that can be drawn from their expressions is that high index and high
dispersion materials should possess large nonlinearities. In commercial optical
glasses, the reported measurements of n, for the Pb?*-containing glasses (SF
series) are higher than those of other optical glasses, as summarized in Table
4.1. The expression with gs = 3 has been quite successful in predicting the
nonlinear refractive indices of materials with small nonlinearities [34, 35]. In
Fig. 4.4, the measured values of n; reported for a number of optical glasses and
special glasses for laser systems are plotted against computed values when
gs = 3 and show good agreement.

R. Adair et al. also measured the nonlinear refractive indices of a large
number (more than 90) of optical crystals [63, 64] and several tens of glasses
[54] using a form of DFWM and they compared the results with the predictions
of the BGO formula. From measured values of n, obtained on a variety of
oxide glasses, a value of gs = 3 yielded the best fit, as in the case of the BGO
results for low dispersive glasses. However, a value of gs = 2 gave a better fit
to their data on optical crystals than gs = 3 [63]. More recently, Kang et al.
[65] showed that their experimental results were fitted best with the value
gs = 1 and concluded that the value of gs is material-dependent in principle
and changes as the magnitude of the nonlinearity changes.

Systematic studies of the relationship of optical nonlinearities and glass
compositions have also been conducted in many glass systems. In oxide
glasses, for example, high linear and nonlinear refractive indices are found in
systems containing large, polarizable cations such as Ti, Bi, Tl, Pb, Nb or Te.
Table 4.2 summarizes representative n, values for a number of different glasses
measured using several different techniques.

The relationship between the linear and the nonlinear refractive indices
described above is of course cation-dependent. E. M. Vogel ef al. [1, 79] have
summarized some of the results in their reviews. For instance, ions with an
empty or unfilled d shell such as Ti and Nb contribute most strongly to the
linear and nonlinear polarizabilities. However, in glass which contains TiO,
and Nb,Os, the linear refractive index is mainly determined by the total
concentration of Ti and Nb, whereas the nonlinear index coefficient is much
larger for glasses that contain TiO, than for those containing Nb,O3; [66]. K.
Terashima et al. [46] also measured the third-order nonlinear optical suscept-
ibilities of TiO,-containing glasses and suggested that the linear optical proper-
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Fig. 4.4. Plot of measured n; vs the value of n; calculated by BGO model (data from Tables 3.5
and 4.1).

ties are determined by the formation of the TiOg unit, whereas the nonlinea-
rities are determined by the amount of net Ti** ions.

In general, the nonresonant type optical nonlinearity is derived from the
hyperpolarizabilities of the glass constituents, such as the heavy metal cations
(Pb%*), transition-metal ions (Ti** or Ti**) and Te**. The high nonlinearity of
Pb%*-containing glasses is attributed to the unusually large hyperpolarizabil-
ities of the nonbonding lone electron pairs. Furthermore, the many filled inner-
electronic shells with lead ions screen the outer electrons effectively from the
nucleus, thus promoting large charge displacements to occur under the influ-
ence of an optical field. The anharmonic effects are thought to arise from such
large displacements [75]. The high nonlinear refractive indices of TiO, glass
and TeO, glass are attributed to the large number of low-lying, empty (Ti*")
and sparsely occupied (Ti**) 3d electronic states [66], or to the empty 5d
orbitals of the Te ions [69], respectively.

It was also suggested that the positive nonresonant-type optical nonlinearity
derived from the high polarizabilities of the glass constituents, such as Ti**
would be cancelled by the negative refractive index resulting from the
contributions of the resonant 3d electronic transition of Ti*" ions (540 nm and
660 nm), for instance, in TiO,-containing glasses [75].

As shown in Table 4.3, chalcogenide glasses are found to have the largest
nonresonant third-order nonlinearities reported to date [80]. For the nonlinear
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180 Nonlinear optical glass

susceptibility of chalcogenide glasses, in which the minimum intrinsic absorp-
tion is reported to occur at about 4 ~ 6 um compared to about ~1 pm in oxide
glasses, there is an uncertainty of the resonant contribution to the reported
values of ¥® even at 2 um. In four-wave mixing experiments, D. H. Hall et al.
[57] suggested that a large mixing signal may be due to a significant imaginary
part of ¥, which is probably caused by the onset of resonant nonlinear
processes such as two-photon absorption.

4.2.5.2 Nonlinear response time

The total nonlinear response of the nonresonant glass materials includes both
electronic and nuclear contributions [49, 50, 54]. The electronic term is due to
the deformation of the electron orbits. The process is a virtual population
process as long as the field is applied, so that there is no energy deposition in
the material and no participation in a relaxation process. The nonresonant
nonlinearity process is expected to have a nearly instantaneous response of
several electronic cycles (~fs) [49, 91].

I. Thomazeau et al. [53] measured and resolved the nonlinear response of
several inorganic glasses on a femtosecond time-scale using the optical Kerr-
effect technique. The results indicate that the responses may be attributed to
electronic processes whose characteristic response times are less than 100 fsec.
These results also mean that the nuclear nonlinearities are either too fast or
too small to be detected using this technique, but the contribution from the
nuclear motion is not yet resolved [65]. S. R. Friberg et al. [55] also reported
DFWM measurements of the nonlinear response of a number of optical
glasses at 1.06 um and obtained the response time of 1 ps for SF59 optical
glass.

M. Asobe et al. [83] recently demonstrated ultrafast all-optical switching in
a Kerr-shutter configuration using a single mode As;S;-based glass fiber that
was 48 cm long. In this experiment they estimated a switching time of less than
15 ps and confirmed later that the response time was less than 100 fs using the
pump-probe technique [92]. Ultrafast responses below 200 fs were also
reported recently in BiyOs-containing glasses [70] and chalcogenide glasses
[87]. Table 4.4 lists the nonlinear response times of nonresonant glass
materials.

4.2.5.3 Applications

Practical applications of nonresonant glass materials in ultrafast all-optical
switches have been reported by M. Asobe et al. using chalcogenide glass fibers
[83, 92—-94]. Figure 4.5 shows the switching characteristics of a 1.2-m long
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Table 4.4. Nonlinear response times of nonresonant glass materials

Glass A (nm) %@ (esu) s (cm? /W) 7(ps)  Ref.
SF59 650 2.6~3.7x10"1 0.17 53
SF59 1060 7 X 1071 1 55
As,S; 1319 12% 1011 42 % 1014 5 83
As,S; 1552 2% 1071 0.1 92
Bi,O5 Glass 810 58~93x 1012 0.2 70
ASzoSgo 810 0.2 87

10 ps 171 ps I @ Input
i | [ I signal
i I !

(b) Switched signal

Intensity (a.u. )

Chalcogenide fiber (1.2 m)

(c) Gate signal

Fig. 4.5. 100 GHz switching characteristics of 1.2 m long chalcogenide fiber with Kerr shutter
configuration. (a) input signal, (b) output signal, (c) gate signal. [Reprinted from M. Asobe and T.
Kanamori, Proc. International Workshop on Advanced Materials for Multifunctional Waveguides,
Chiba (1995) 64, with permission from U. A. Army Research Office.]
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As;S; fiber with Kerr-shutter configuration, which demonstrates all-optical
100 GHz switching performance using a laser diode as a gate pulse source.

4.3 Semiconductor-doped glasses

Glasses that have been doped with microcrystallites of semiconductors are
serious candidates as resonant nonlinear materials. Their rapid response times
of a few tens of picoseconds makes them attractive for nonlinear device
applications. One type of these materials that has been available commercially
as sharp-cut color filters and manufactured by glass-makers for many years, is
one in which a CdS,Se;_, microcrystallite phase is thermally developed in the
glass matrix. The importance of semiconductor-doped glasses for nonlinear
optical applications was realized first by R. K. Jain and R. C. Lind in 1983 who
reported DFWM in these glasses [14]. Since then, the third-order nonlinear
optical properties of semiconductor-doped glasses have been extensively
investigated. For the specific case of resonant nonlinearities, the exciton state in
the microcrystallite form of wide gap semiconductors such as CuCl and CuBr
doped in the glass matrix produces different optical nonlinear effects [95—98].

4.3.1 Fundamentals of semiconductors

4.3.1.1 Band theory of semiconductor [99—102]

Before discussing the actual problems of semiconductor-doped glasses, it may
be useful to understand the elementary theory of the semiconductor itself. The
band structure of a crystal can often be treated physically by the nearly free
electron model as a simple problem of a linear solid. According to the quantum
theory, the state of an electron in an atom is characterized by the principal
quantum number 7z, angular momentum quantum number /, magnetic quantum
number m and spin quantum number s. To simplify the discussion, it is
assumed that an electron is confined uni-directionally to a length L by infinite
potential energy barriers. The allowed energy value of the electron is given by

Ey = (H/2m)(n/L)?
= (h*/2m)k* (4.44)
where k = nm/L, m is the mass of the electron in free space, n is an integral
number of half-wavelengths between 0 and L.
The band formation arising from the crystal lattice is analogous with the

electronic state in an atom. A crystal is a periodically repeated array of atoms.
When two atoms are very far apart each with its electron in the s state there is
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no overlapping between neighbouring bands. The allowed levels consist of a
single doubly degenerate level, i.e. each electron has precisely the same energy.
As the atoms are brought closer together, their wave functions overlap and
form two combinations of wave functions as shown in Fig. 4.6 (a). Now, as six
free atoms are brought together, standing waves of electrons passing along a
cubic crystal of length L. should satisfy the Schrédinger wave equation and the
degenerate level will be split into six by the interaction between the atoms, as

Wave function Wave function

SOl O\

Atom

Atom

A

Atom Atom

(a)

Energy

nc=6

nc=>5

nc=4

nc=3

nc=2

(b)

Fig. 4.6. (a) Combination of two wave functions, (b) Energy levels and wave functions of six
electrons in the crystal of length L..
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shown in Fig. 4.6 (b) for the case of six unit cells and n» = 1. The allowed
energy of the electron in the crystal is therefore given by

E. = (h*/2m)(n.mt/ L)
= (h*)2m)i? (4.45)

where k. = (n.t/L.)and n, = 1,2, ..., N, L. = Nd as d is the inter-atomic
distance in a one-dimensional case and N is the number of atoms in the crystal.
We therefore have a band of N closely spaced levels instead of a single
degenerate level, as shown in Fig. 4.7. A wave function with k. = /L, must
represent a standing wave with minimum £..

The width of the band is proportional to the strength of the interaction or
overlap between neighboring atoms. As the atoms approach, the splitting
between the levels will be increased as shown in Fig. 4.7 (a). For the deep-lying
levels the perturbation will be small compared with the attractive force of the

(@)

Allowed level

Energy

Forbidden gap

1s

Interatomic distance

(b)

|
|
uh

N
Number of atoms (Crystal)

Fig. 4.7. (a) Energy bands in crystalline solid as a function of lattice spacing, (b) Energy levels
as a function of the number of unit cells.
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nucleus and splitting will begin at small lattice spacings. The forbidden regions
between two energy bands are called energy gaps or band gaps.

According to the Pauli principle, each atom will have two electrons in each
level, so that there are 2N electrons to fit into the band. If each atom
contributes two valence electrons, the band will be exactly full. This full band
is called a ‘valence band’. If the forbidden energy gap E, between the highest
filled band and the next empty band is large, no electron conduction can take
place. The crystal behaves as an insulator. If, on the other hand, the value of E,
is small, some electrons from the lower filled band will be excited thermally
into the upper empty band and conduction becomes possible. The upper empty
band is therefore called the ‘conduction band’. Materials may behave as
semiconductors. When some electrons are excited into the conduction band,
the resulting vacant states near the top of the filled band behave in every way
as particles of positive charge +e. Such an empty state is called a “positive
hole’. If each atom contributes one valence electron to the band, the band will
be half full and one might expect that the solid will possess the characteristic
properties of a metal.

4.3.1.2 Optical properties of semiconductors [2, 101-106]

An electron is excited from the valence band to the conduction band with the
absorption of a photon of energy approximately equal to the forbidden gap
energy E,. This is called the fundamental absorption. This process creates a
free electron in the conduction band and leaves a hole in the valence band. For
the simplest case of a direct-gap semiconductor, the absorption coefficient will
be evaluated using parabolic £~k curves centered about the wave vector £ = 0,
as shown in Fig. 4.8. Taking the zero of energy at the top of the valence band,
the energy of an electron near the lower edge of the conduction band and an
electron near the top of the valence band may be written, respectively, as

E.(k) = Eq + (h*/2me) K (4.46)
E (k) = —(h* /2my) k> (4.47)
Here E, is the energy required to excite an electron from the top of the valence
band to the bottom of the conduction band, m. and my, are the effective masses
of the electrons in the conduction band and in the valence band (hole),
respectively. For vertical transitions, the energy of a photon required to induce
a transition is then given by

hv = E. — E, = Eq + h*k* /2m* (4.48)

where m™ is the reduced mass given by
1/m* = (1/me) + (1/my). (4.49)



186 Nonlinear optical glass

Ec (k) E

Conduction band Ec(k) — Eg + m2k2/2m* )

ho Eg

0 k

Valence band Evk) = - th?k2/2m* )

Ev (k)

Fig. 4.8. Plot of energy E versus wave vector k for an electron near the band gap and direct
transitions. The vertical arrows indicate a variety of transitions that may be induced by optical
radiation.
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Fig. 4.9. Exciton energy levels diagram.

If an electron and hole are present in reasonable proximity and relatively
immobile, their Coulomb attraction may result in the bound state of an electron
and hole, as shown in Fig. 4.9. Such a bound state is called an exciton [104—
106]. It is analogous, in a sense, to the electric polarization of virtual excitation
of an electron bound closely to an ion by Coulomb interaction (see Section
4.3). Therefore, an exciton can be described essentially as a collective electro-
nic elementary excitation in a state of total wave vector K travelling through
the insulator or semiconductor. The exciton energy is given by
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Ee = Eq — Ep + #°K*/2M? (4.50)
where E, is the band gap energy, 7i*K?/2M is the kinetic energy with which an
exciton moves through the crystal, K is the wave vector of the center of mass,
M is the translational mass (= me + my), and Ep is the exciton binding energy,
which is given by

Ep = m*e* /207 e*n’. (4.51)
Here n is the principal quantum number. The binding energy for the lowest
exciton state, m*e*/2%%¢2, is the energy required to separate an electron and
hole in the 1s state. This energy is typically of the order of 20 meV in a bulk
semiconductor. Because kT = 26 meV at room temperature, low temperatures
are usually necessary to prevent thermal dissociation of excitons [2]. The main
experimental evidence for exciton formation comes from observations near the
long wavelength edge of the main absorption band.
The average separation or effective radius of the lowest exciton state ag is
called the exciton Bohr radius and is estimated by [2]

ag = he/m* e?

= (me/m™)eag (4.52)

where m™ is the exciton-reduced mass defined in Eq. (4.49), ¢ is a static
dielectric constant of the semiconductor and aq is the first Bohr orbit of the
hydrogen atom (= 0.53 A).

4.3.2 Linear optical properties of semiconductor-doped glasses

In a large semiconductor crystal, the overall shape and size of the crystal makes
little or no difference to its original properties. As the crystal becomes smaller,
however, the quantum confinement effect will split the bulk conduction (c¢) and
valence (v) bands into a series of discrete energy levels. This situation can be
drawn schematically as the opposite case to the band formation in Fig. 4.7(a).
The effects of the surface also become increasingly important. These two
phenomena make the optical properties of semiconductor microcrystallites very
different from the bulk. Based on the classification made by A. L. Efros and A. L.
Efros [107], and A. I. Ekimov et al. [108—110], the size effects are classified into
two categories with a variation of the ratio of microcrystal radius R to exciton
radius ap: electron or hole confinement region and exciton confinement region.
If the microcrystallite radius is much smaller than the exciton Bohr radius
(R < ap), the energy of the size quantization of an electron is much larger
than the energy of its Coulomb interaction with a hole, and the electron and
hole are individually confined. The interband absorption spectrum should
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change from continuous bands to a set of discrete lines as the size of the
crystallite is decreased, and probes the nature of the confinement of electron
and hole state [107—110]. The confinement in the microcrystallite also leads to
a blue shift of the position of the interband absorption edge. This is called the
strong confinement limit, which has been observed in materials such as CdS
and CdSe with large values of Bohr radius (bulk Bohr radius of CdSe is 30 A).
The quantity % in Eq. (4.46) can be represented in the form £ = ¢, ;/R and the
value of the shift is inversely proportional to the size of the microcrystals as
expressed by [96, 107, 109—111]

E = E, + (1 /2mR*)¢%, (4.53)

where ¢, is a universal set of numbers independent of R. In the special case
when / = 0 (s electron state), ¢p,0 = nw(n =1, 2, ...).

The quantum confinement effect in linear optical properties has been
reported by many authors for various semiconductor-doped glasses. One
example of the absorption spectra is shown in Fig. 4.10 for glasses doped with
CdS,Se|_, microcrystallites that have various average radii [112]. The distinct
discrete absorption lines as well as a blue shift of the energetically lowest

80 r CdSxSe1-x -doped glass
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Rav =0.9 nm

40 1 Rav = 1.1nm
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Fig. 4.10. Absorption spectra of the glasses doped with CdS,Se;_, microcrystallites with
various average radii. [Reprinted from H. Shinojima, J. Yumoto, N. Uesugi, S. Ohmi and Y.

Asahara, Appl. Phys. Lett. 55 (1989) 1519, copyright (1989) with permission from the American
Institute of Physics.]
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electron-hole transition (absorption edge) are observed for each absorption
spectrum.

Although the optical effects observed in the experimental CdS,Se;_,-doped
glasses are due to electron and hole confinement, N. F. Borrelli er al. [113]
emphasized that quantum confinement effects are not present in color filter
glasses, because the crystals present in commercial glasses are too large
(average diameter of about 100 A) to display strong quantum size effects.
According to their considerations, variations in optical properties are due to
changes in the stoichiometry of the CdS,Se;_, during the crystallite growing
process. A comparison of the selenium-to-sulfur mole fraction in the micro-
crystallites obtained in an experimentally mixed anion glass, indicates a
tendency for selenium to remain in the glass matrix, whereas sulfur is more
easily incorporated in the microcrystallites. This may result from a large
difference in diffusion coefficient between the S and Se ions. The shift in the
energy of onset of absorption is consistent with the band-gap shift that varies
with the selenium fraction within the CdS,Se;_, microcrystallites [113, 114].

In the other limiting case, if the microcrystal radius is much larger than the
exciton Bohr radius in the material under investigation (R > ag), a size
quantization of all the excitons takes place [107, 108, 110]. When R is 2 ~ 4
times ag, an exciton forms whose center of mass motion is quantized and
exhibits a discrete state within the crystallite. This is called the weak confine-
ment limit. The spectral positions of the exciton absorption lines are given by
[95, 107, 108, 110]

hw = Eq — Ey + (h*n*n® /2MR?) (4.54)
where E}, is the exciton binding energy for the lowest 1s state in the bulk
crystal. The maximum oscillator strength is exhibited by the transitions with
n = 1. Then, the shorter-wavelength shift of exciton absorption and emission
lines that is inversely proportional to the crystalline radius R is observed. The
exciton confinement is expected in the glasses containing microcrystals of I—
VII compound such as CuCl with a relatively small (~6 A) exciton radius ap
[108]. In Fig. 4.11, a typical example of absorption spectra around Z; excitons
in CuCl microcrystals is shown [17, 115]. The absorption peak of the Zj
exciton shifts towards higher energies compared with the Z3 exciton energy of
bulk CuCl.

4.3.3 Nonlinear optical susceptibilities of the strong confinement case

In an early stage, optical nonlinear experiments in semiconductor-doped
glasses were first made for a series of commercially available sharp-cut filter



190 Nonlinear optical glass

T T

: . T
3r bulk Z3 CuCl-doped glass T
2 l R=15nm A
1k .
0+

o 0 I

5!

s L R=21nm A

=

o

(2] L -

Q

<
0 — —_

R=3.2nm
Or— —]
1 1 ] Il 1

3.10 3.20 3.30 3.40 3.50
Photon energy( eV )
Fig. 4.11. A typical example of absorption spectra around an exciton in CuCl doped glasses at
77 K. The arrow indicates the Z; exciton energy of the bulk crystal. [Reprinted from T. Tokizaki,

T. Kataoka, A. Nakamura, N. Sugimoto and T. Manabe, Jpn. J. Appl. Phys. 32 (1993) L782,
copyright (1993) with permission from Publication Office, Japan Journal of Applied Physics.]

glasses [14] consisting of CdS,Se;_, microcrystals (typically 100 ~ 1000 Ain
size) suspended in a glass matrix (0.3 <x <<0.8). A nonlinear response in the
nanosecond range and large nonlinear susceptibilities of the order of 10~% esu
have been observed in this experiment. Table 4.5 lists the nonlinear character-
istics of sharp-cut filter glasses reported to date in a number of papers.

Various kinds of nonlinear optical processes related to the population of real
states have been used to explain the nonlinearities near the band edge of a
direct-gap semiconductor. In small direct-gap semiconductors, the band filling
effect has been identified as the primary mechanism for a nonlinear optical
effect [2, 10, 98]. When the semiconductor material is pumped near the band
gap, a high-density electron-hole plasma is generated at room temperatures.
They eventually lose their energy and relax to the bottom of the conduction
band mainly by emitting phonons. This results in the filling of the states near
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Table 4.5. Nonlinear characteristics of CdS,Se;_.-doped sharp cut filter glasses

Wavelength Nonlinear
susceptibility ~ Response 7

Sample No. ~ Measurement A (nm) I |(esu) (ps) Ref.
CS2-62 PP 566.5 ~400 116
CS2-77 TBSD 2.1x107° 117
CS3-69 NFWM 560, 590 6.9 X 10712 117
CS3-69 KS ~3.6 117
CS3-69 DFWM 532 90 120
CS3-68 DFWM 532 ~80 121
CS3-68 DFWM 532 ~13x 108 14
CS2-73 DFWM 580 ~5X107° 14
CS2-62 DFWM 8.4 x 107! 131
CS2-73 DFWM 2.6 X 10710 131
CS3-66 DFWM 2X 10710 131
CS3-68 DFWM 1.6 X 10710 131
0G570 PP 580 ~ 590 g X 1078 ~30 119
0G570 DFWM 532 1000 118
0G570 DFWM 532 ~1078 122
0G590 DFWM 580 ~15 123
0G590 DFWM, NFWM 589 1077 124
0G590 DFWM 584 25X 1078 125
0G530 DFWM 532 7 x 10712 128,
130

RG695 DFWM 694.5 ~3 X 1077 <8000 14
RG630 DFWM ~1077 126
RG630 DFWM (125K) ~107% (125K) 126
RG930, 715 MQH 620 ~100 127
Y-52 BS 532 1.3X107° 25 129
RG715 NFWM - - 10 132
0G530 DFWM 532 ~50 133
CS3-68 DFWM 532 ~100 133

PP, pump-probe technique; DFWM, degenerate four-wave mixing; NFWM, non-
degenerate four-wave mixing; KS, Kerr shutter technique; BS, Bistable switching;
TBSD, two-beam-self-diffraction.

the bottom of the conduction band with electrons, preventing further absorption
into these states by Pauli exclusion. This effect is often referred to as a
‘blocking effect’ in the sense that the filling effect blocks absorption states near
the band edge. The absorption saturates in the vicinity of the band edge, which
shifts the band edge to higher energies with increasing laser intensity.

Although it is not perfect, the band-filling model described above in bulk
semiconductors leads to a good qualitative understanding of the nonlinear
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properties of semiconductor-doped glasses [122]. As discussed in the previous
Section 4.3.3, the absorption spectrum changes to a series of discrete lines as
the microcrystallite size decreases. This quantization is accompanied by
concentration of the bulk oscillator strength into a single discrete line, leading
to a further enhancement of this nonlinearity. Therefore, the process is often
referred to as ‘state-filling’ in the microcrystallite as opposed to ‘band-filling’
in the bulk semiconductor [122, 134]. The change in absorption Aa gives the
nonlinear refractive index changes An, through the Kramers—Kronig transfor-
mation [11, 12].

Figure 4.12 shows the measured change of absorption coefficient Aa(4)
(solid line) and the dispersion of the nonlinear refractive index n,(A) for
CdS,Se;_,-doped glass [11, 12]. The dashed curve shows the computer-gener-
ated ny(4) dispersion by Kramers—Kronig transformation of the measured
Aa(A) and gives n, as a function of wavelength. The value of n, is negative
below and positive above the band gap.

The third order nonlinear susceptibility is given by [135]

& = 6p|P.|* /AR R H} (0 — w1)? (4.55)
where P, is the bulk transition dipole moment, w; is the resonant frequency of
the transition to the lowest state, p is the volume fraction of microcrystallite in

the glass matrix and R is the crystallite radius. Consequently x® will be
proportional to the reciprocal of the confinement volume and will increase with
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Fig. 4.12. Relation between absorption coefficient Aa(4) (solid line) and the dispersion of the
nonlinear refractive index n,(4) for CdS,Se;_,-doped glass. [Reprinted from G. R. Olbright and
N. Peyghambarian, Appl. Phys. Lett. 48 (1986) 1184, copyright (1986) with permission from the
American Institute of Physics.]
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decreasing R. This expression for the nonlinear susceptibility is applicable
particularly to cases in which the II-VI family semiconductors are doped in
the glass matrix. The enhancement of the nonlinearity due to quantum confine-
ment has been confirmed experimentally [134, 136]. The variation of |y®)| of a
glass that was doped with CdS,Se;_,-crystallite with mean particle size
(24 ~ 30 10%) versus wavelength are shown in Fig. 4.13 [134]. Higher efficien-
cies, i.e. larger nonlinearities, are obtained for glasses containing smaller
particles. These observations are in agreement with the theoretical prediction.
The ratio ¥® /a was about three times greater for a radius of 24 A than for a
30 A radius. One of the reasons for this is that the nonlinear susceptibility is
only due to the Is-1s transition, increasing as 1/R?, whereas the absorption
coefficient increases less rapidly since higher energy transitions are more off

resonance [136].
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Fig. 4.13. Variation of |y®| (logarithmic scale) of glass doped with CdS,Se, _,-crystallite with
mean particle size (24 ~ 30 A) versus wavelength. [Reprinted from D. Richard, P. Rousignol, F.
Hache and Ch. Flytzanis, Phys. Stat. Sol. (b) 159 (1990) 275, copyright (1990) with permission
from Wiley VCH Verlag Berlin GmbH.]
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As shown in Fig. 4.14, an increase of || (logarithmic scale) with increas-
ing volume fraction of microcrystallite was also reported for CdSe-doped
glasses [137, 138] that were fabricated using the super-cooling technique. A
third-order nonlinear susceptibility of the order of 107® esu was obtained for
these glasses.

4.3.4 Nonlinear response time in the strong confinement case

4.3.4.1 Three-level system

As previously discussed in Section 4.3.3, state filling has been identified as the
primary mechanism for the observed optical nonlinearity in semiconductor-
doped glasses in the strong confinement case. Such a simple model, however, is
not always able to explain quantitatively the nonlinear characteristics observed,
such as the size dependence [140, 141] or intensity dependence [139] of [x©].
As the magnitude of the state filling depends on the density of the photo-
induced carriers in the conduction band regardless of the excitation mechan-
ism, the nonlinearity must clearly be affected by the carrier recombination
dynamics. We should also remember that the model does not take carriers
[142] that are trapped in the defects or surface states into account. They
especially play an important role when microcrystallite size is small. The
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Fig. 4.14. The third-order nonlinear susceptibility |y®| (logalithmic scale) as a function of
CdSe microcrystallite concentration (arbitrary unit). [Reprinted from Y. Asahara, Advances in
Science and Technology 4, New Horizons for Materials, ed. P. Vincenzini, (1995) 91, copyright
(1995) with permission from Techna Publishers Srl.]
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smaller the size of microcrystallites, the more important the surface states
become since the surface to volume ratio is larger for small particles.
Furthermore, the other effects such as photodarkening and the intensity-
dependent response also make the phenomena more complex [133].

In optical phase conjugation studies or pump-probe experiments, the decay
curve or recovery time of adsorption saturation decomposes the curve into the
sum of exponential components with a short time constant of ps and with a
large time constant of ns [116, 118, 121, 127, 139, 143, 144]. This means that
the photo-excited carriers in semiconductor-doped glasses have fast and slow
relaxation mechanisms. The fast decay processes are assigned to the relaxation
of free carriers down to the valence band or nonradiative relaxation to the trap
level, whereas the slow decay processes are thought to be related to the slow
relaxation of the carriers trapped in defects that predominantly exist in the
microcrystallites.

As has been reported in several papers, the energy level diagram proposed
for semiconductor-doped glasses is, therefore, simplified to a three-level
system including the valence band, the conduction band and the trap levels, as
shown in Fig. 4.15 (a).

The existence of the trap levels is known by the fact that the semiconductor-
doped glasses show very broad photoluminescence spectra caused by the
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Fig. 4.15. Energy level diagram of glasses doped with semiconductor microcrystallites with
various relaxation process, (a) three-level system, (b) modified three-level system.
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Fig. 4.16. Photoluminescence spectrum of CdSe-doped glass. (R =3.0nm) (50ZnO-
50P,05 + 4CdSe (mol %)). [Reprinted from Y. Asahara, Advances in Science and Technology 4,
New Horizons for Materials, ed. P. Vincenzini, (1995) 91, copyright (1995) with permission from
Techna Publishers Srl.]

relaxation of trapped electrons in the near infrared region [137, 138, 145, 148].
As shown in Fig. 4.16, for instance, the photoluminescence spectrum of a
CdSe-doped glass consists of a narrow band near the absorption edge and a
broad band in the longer wavelength region [138], which are respectively
assigned to the direct recombination of the excited carriers to the valence band
and to the radiative recombination via the trap levels [145]. If some electrons
can be trapped, the remaining electrons in the conduction band can still
contribute to the band filling. When the intensity is increased, the trap becomes
occupied and thus unavailable. Then the absorption is thought to start saturat-
ing, giving rise to a resonant y® [139].

4.3.4.2 Intensity-dependent response

According to the simple models, the absorption coefficient asymptotically
approaches zero as the states are filled. The response of semiconductor-doped
glasses has been found, however, to saturate to lower intensity than that
normally expected from simple models of the nonlinear response [120, 126,
133, 139], i.e. the absorption coefficient does not completely saturate to zero
[147—-149]. When the pulse intensity increases, the phase conjugate reflectivity
finally levels off the relationship, for instance, at a fluence of ~1 mJ/ cm? for
which the reflectivity is proportional to /2, as shown in Fig. 4.17.
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Fig. 4.17. Log-log plot of the phase conjugation reflectivity as a function of the pump-beams
energy fluence for sharp cut filter glass (Corning 3-68). [Reprinted from P. Roussignol, D.
Richard, J. Lukasik and C. Flitzanis, J. Opt. Soc. Am. B4 (1987) 5, copyright (1987) with
permission from the Optical Society of America.]

This nonsaturable part of the absorption, or saturation of the nonlinear effect,
has been interpreted by the intensity-dependent response. Based on the results
of a number of nonlinear response and photoluminescence decay experiments,
the intensity-dependent response can be divided phenomenologically into two
categories: reversible or irreversible. The latter is known as a darkening effect
and drastically reduces the response time and the nonlinearity, as will be
discussed in more detail in Section 4.3.5.

There has been evidence for a response time that is reversibly dependent on
the pump intensity [118, 150]. On the basis of the dependence of the
photoluminescence spectra of semiconductor-doped glasses on the pump laser
intensity [151—153], various reversible mechanisms which determine the
relaxation times at high intensity were discussed. A modified three-level model
that involves the valence band, the conduction band and several kinds of
intermediate trap levels was proposed to explain the intensity-dependence of
the response time. Schematic representations of the electronic levels of the
suggested model are shown in Fig. 4.15. At low pump intensities, trap
recombination dominates and results in long lifetime. As the intensity of the
pumps is increased, the traps begin to fill. As soon as the traps become
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occupied, the trapping becomes less efficient, and the electrons choose another
way to recombine, giving rise to direct recombination (Fig. 4.15(b) A) [151,
152] or recombination through different groups of traps such as shallow traps
or surface states which (Fig. 4.15(b) B) [150, 153—156] then contribute to the
fast response. In the latter case, the filled traps are thought to lie in the volume
of the particles [154].

As shown in Fig. 4.15(b) C and D, the other possible relaxation mechanisms
which can interpret the nonsaturable absorption are Auger recombination of
the electrons and the holes [118, 132, 157, 158] or free-carrier absorption [147,
159], both of which lead to a decrease of the excited carrier lifetime and
prevent band filling. K. W. Delong ef al. [160], however, comment that free-
carrier absorption is not significant in these systems. The saturation of the
nonlinear index change due to the thermal effect [18, 148], or some more
complex mechanisms [161, 162] have been proposed recently.

4.3.5 Photodarkening effect
4.3.5.1 Photodarkening mechanisms

One further phenomenon worth mentioning in connection with nonlinear
optical properties is the photodarkening effect. The long radiative recombina-
tion times of semiconductor-doped glasses in the strong confinement case still
restricts their use in high-speed applications. The photodarkening effect, and
therefore an understanding of the processes that cause this effects is important
particularly in reducing the response times and has been studied using various
techniques, such as absorption saturation, induced-absorption, luminescence,
and degenerate four-wave mixing.

The photodarkening effect is a permanent effect after a long period of
intense laser irradiation [133]. This effect appears with a decrease in both the
nonlinear optical response time [133, 163] and the nonlinear efficiency such as
the diffraction efficiency [133, 163, 164, 167] or absorption saturation [133,
159, 160], which sometimes accompanies permanent grating [133, 165, 166] or
darkening [133, 147, 159, 160, 168]. Photodarkening also significantly affects
the photoluminescence characteristics [133, 137, 138, 147, 152, 159, 160, 164,
169, 170]. A drastic reduction of the lifetime and luminescence efficiency of
the direct recombination of photo-induced carriers has been observed with a
reduction of the broad luminescence of deeply trapped carriers. The changes
are permanent at room temperature but a darkened glass recovers its original
properties when it is heat-treated at approximately 450 °C for several hours
[133].
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Typical experimental results are shown in Fig. 4.18 [163]. The decay time of
a nonlinear grating signal is of the order of Ins immediately after short laser
exposure. This component is, however, reduced dramatically with exposure
time and finally a fast decay, as short as 7 ps, remains after a 3 h exposure. No
darkening was observed, so the process is referred to as a ‘photo annealing
effect’ in this experiment. This annealing process is favorable from the view-
point of optical devices, since a reduction of response time is dominant over
the reduction of nonlinearity, i.e. the signal peak intensity becomes one-third
after annealing, whereas the speed (decay time) is enhanced ~100 times.
Figure 4.19 also shows one example of the change in the photoluminescence
decay characteristics upon intense laser irradiation [137].

Since the undoped host glass showed none of these effects under the same
illumination conditions, it appears that the darkening effect is not due to the
glass host matrix alone: other factors such as solarization effects which are
known to occur in optical-grade glasses under intense laser radiation may not
be involved. Of course, such darkening effects can not be seen in bulk
semiconductors either, so it is apparent that this effect is due to either the
particular structure of the crystallites or the semiconductor-glass interface at
the surface of the microcrystallites [160].

Hoya R64 color filter

1

Exposure time = 0 min-

Signal intensity

-100 0 100 200 300 400
Delay time (ps)

Fig. 4.18. Signal intensity versus probe-pulse delay time for various exposure times.
(CdS,Se;_, filter glass, A = 613 nm, pump power: 1 mW.) [Reprinted from M. Mitsunaga, H.
Shinojima and K. Kubodera, J. Opt. Soc. Am. B5 (1988) 1448, copyright (1988) with permission
from the Optical Society of America.]
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Fig. 4.19. Photoluminescence decay curves of CdSe-doped glass before and after 30 min laser
irradiation (1 MW /cm?). [Reprinted from Y. Asahara, Advances in Science and Technology 4,
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Techna Publishers Srl.]

One possible mechanism of this effect is the intensity dependence of the
response time, such as free carrier absorption [159] as described in Section
4.3.4. This effect, however, can be eliminated as an origin of the photodarken-
ing effect because the explanation requires a permanent decrease of recombina-
tion time, which contradicts the experimental results. The temperature rise
upon irradiation is calculated to be too small for any thermally induced change
in the material [168], which rules out any thermal mechanism [133]. The
darkening effects are significantly reduced at low temperature [169], suggesting
that the process includes some form of thermal activation across a potential
barrier. In addition, the accompanying photoluminescence spectral changes
suggest the presence of trap levels within the gap or the process that give rise
to a change within the trapping state that seems to play an important role in the
darkening effect. It was supposed at first that trapping sites are no longer
available or trapping is reduced in the process of intense laser exposure [133],
while a new nonradiative decay route of the carriers at the band edge state is
induced [168].

On the basis of the experimental results, several models that are shown in
Fig. 4.20 have been proposed for the photodarkening process. One model is the
modified three-level model consisting of two types of deep trap levels [164,
169, 171, 172]: the same trap level T which is responsible for the luminescence
and phase conjugation process, and a different kind of trap 7' or surface trap
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Fig. 4.20. Various mechanisms proposed for explaining photodarkening effect.

which is created under the influence of laser exposure is used to open an
additional channel for nonradiative recombination of the excited carriers.
Excited carriers in the conduction band will either undergo direct recombina-
tion, be responsible for the higher-energy luminescence level or will populate
initially only trap sites of the kind 7 that are already present in the semicon-
ductor microcrystallites. Then, the carrier will populate trap level T', the
number of concentrations of which increases as a function of laser exposure.
This situation is illustrated in Fig. 4.20 (b).

The second modified model [137, 138, 170] includes an additional opening
for a fast new nonradiative recombination route of carriers in the trapping state,
i.e. the growth of the number of electon states on the surface by photo-
darkening as a cause of the rising decay rate of the carriers. The new
recombination route is probably a nonradiative one. This leads to a shorter
conduction-band carrier lifetime and a smaller luminescence efficiency in the
darkened sample. This is illustrated in Fig. 4.20 (a).

The third model is based on the ionization of microcrystals under intense
irradiation [168, 173] by means of a two-step excitation process, which is
illustrated in Fig. 4.20 (c). Upon irradiation, electrons in the valence band are
excited to the conduction band, some of which relax to trap levels at the glass—
semiconductor interface. The key idea of this explanation is that before the
electrons can recombine, some of those trapped electrons are re-excited to
higher-energy surface states, from which they may migrate into the bulk of the



202 Nonlinear optical glass

glass. These electrons are eventually captured by the deep traps in the structure
of the glass.

The relaxation dynamics of the photodarkened glass depends strongly on the
microcrystalline size [173]. In small microcrystallites, fast decay components
are dominant. The decay curve for a semiconductor-doped glass with an
average crystalline radius of 10 A consisted almost completely of a fast decay
component with 4 ps time constant, which is assumed to be due to carrier
recombination through the surface states.

4.3.5.2 Origin of the trap levels

Several groups have attempted to determine the origin of the trap levels,
existing predominantly in the semiconductor-doped glasses or induced by the
intense laser irradiation. As for the origin of the trap levels that predominantly
exist in CdS- or CdSe-doped glasses, the possibilities of impurities (zinc, etc.),
defects owing to sulfur or selenium vacancies, or sufficient Cd?>* have been
proposed [113, 146, 151, 171]. It is well known that sulfur has a high vapor
pressure and can easily oxidize. Therefore, some amount of sulfur may be lost
in the process of glass melting, and the S to Cd ratio in the glass must be less
than that in the batch, which may result in the trap center becoming a sulfur-
deficient center or Cd-sufficient center which may be on the CdS microcrys-
tallite surface [174].

Then, what are the photo-induced trap levels? It was reported that CdTe-
doped glass eliminates the presence of trap centers [137, 138, 175, 176]. The
photoluminescence spectrum of this glass consists of only one narrow peak
near the band edge, as shown in Fig. 4.21 [138]. Figure 4.22 shows that the fast
decay element due to the nonradiative decay observed in the CdSe-doped glass
also disappeared in the CdTe-doped glass [138]. Another interesting phenom-
enon is that the photodarkening effect cannot be observed upon intense laser
irradiation in this glass [138], as shown in Fig. 4.23. It has been also shown
that the H,O-treated [146] or hydrogenated [177] CdSe-doped sample seems to
be more resistant with respect to the darkening effect. When treated with H,O,
it probably diffuses into the glass matrix as OH™ and neutralizes the trapping
sites such as the vacant Se sites at the microcrystallite surface [146]. All of the
results described above suggest that the photodarkening effect needs ‘trap
levels’ that already exist in the glasses and could well be interpreted as the
creation of a new channel for nonradiative decay of carriers from these ‘trap
levels’.

One possibility is the buildup of efficient recombination centers by photo-
formation of Cd** in the crystallites [147]. Another possibility is associated
with the state of surface activation due to the production of a layer of impurity



4.3 Semiconductor-doped glasses 203

100 T T T 1 T
Absorption CdTe-doped glass
80 |-

60 - ~
40

20

Luminescence intensity (a.u.)

LLuminescence

N,

h N 1 L I
500 600 700 800 900 1000 1100

Wavelength (nm)

Fig. 4.21. Photoluminescence spectra of CdTe-doped glass. [Reprinted from S. Omi, H. Hiraga,
K. Uchida, C. Hata, Y. Asahara, A. J. Ikushima, et al. Proc. International Conference on Science
and Technology of New Glasses, ed. S. Sakka and N. Soga (1991) p. 181, copyright (1991) with
permission of The Ceramic Society of Japan.]

ions around the semiconductor microcrystallites. Apparent grain growth of
microcrystallite, which may act as an interface between microcrystallites and
the glass structures has been confirmed experimentally [172, 178].

4.3.6 Nonlinear optical properties in the weak confinement case

4.3.6.1 Excitonic enhancement of x¥ in microcrystallite

E. Hanamura et al. [95, 135, 179] have discussed the nonlinear optical proper-
ties in the weak confinement case in which the size of microcrystallites is much
larger than the bulk exciton. The excitons produce much weaker nonlinear
optical effects than electron-hole plasma in bulk materials. In bulk materials,
the excitons are stable at low temperatures, but are unstable against collisions
with energetic phonons at temperatures above room temperature [2, 97].

Much higher nonlinearities can be theoretically predicted for excitons in the
weakly confined system [95, 135, 179]. When a crystallite radius R is relatively
small but larger than an effective Bohr radius ag of a exciton (ag < R <A),
the character of an exciton as a quasiparticle is well conserved at relatively
high temperature and the translational motion of the exciton is confined to
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Fig. 4.22. Photoluminescence decay curves of CdSe and CdTe doped glasses. [Reprinted from
S. Omi, H. Hiraga, K. Uchida, C. Hata, Y. Asahara, A. J. Ikushima, et al. Proc. International
Conference on Science and Technology of New Glasses, ed. S. Sakka and N. Soga (1991) p. 181,
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microcrystallites. The transition dipole moment to this exciton state from the
crystal ground state is given by

Py = (2(2)'?/m)(R/ag)**(1/ n)P.. (4.56)

The confinement of the excitonic envelope wavefunction is expected to give
rise to enhancement of the transition dipole moment by a factor of (R/ ag)’’? in
comparison with the band-to-band transition P.,. In addition, the oscillator
strength is almost concentrated on the lowest exciton state, i.e. the principal
quantum number for the center-of-mass motion » = 1. Such a giant-oscillator-
strength effect will result in the enhancement of the nonlinear polarizability
under nearly resonant excitation of excitons in the weak-confinement case. The
large interaction energy between two excitons, i.e. the large oscillator strength
of a biexciton also may lead to a further enhancement of nonlinearities. Under
a slightly off-resonant pumping of the lowest exciton E; = fiw;, and
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Fig. 4.23. Photoluminescence decay curves of CdTe-doped glasses before and after 30 min
irradiation. [Reprinted from H. Hiraga, C. Hata, K. Uchida, S. Ohmi, Y. Asahara, A. J. Ikushima,
et al. Proc. XVI International Congress on Glass, vol. 3 Madrid (1992) p. 421, copyright (1992)
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Wint > |0 — w1| > T, the third-order nonlinear susceptibility ¥® is given by
[95, 135, 179]

1P ~ NP B (0 — w1)® ~ (R/ap)’ (4.57)

where N, is the number density of microcrystallites per unit volume
(= 3p/(4mR?)) with p a constant volume fraction, w; is the resonant frequency
of the lowest exciton, I” is the transverse relaxation, Aw;, is the interaction
energy of the two excitons which makes them deviate from harmonic oscilla-
tors given by [135, 180]

fiwim = (13/4)(ap/R) E,. (4.58)

For this case, the dipole moment P given by Eq. (4.56) is multiplied four times
in the expression for the third optical nonlinearity, so that ¥ is almost real
and increases as R® because the fourth power of P; gives R®-dependence and
overcomes the R dependence of N,.

Under a resonant excitation and wiy > 1T > |w — 4], ¥ is almost purely
imaginary and contributes to the absorption saturation. In this case, creation of
resonant excitons at room temperature should produce a weak bleaching of the
exciton resonances caused by the phase-space filling and exchange effect
[178]. When I and y are independent of the size R, Im%® is also proportional
to R*. The estimation of the dependence of the third-order optical susceptibility
%@ on the radius of CuCl microcrystallite is shown in Fig. 4.24 (a) [95].
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Fig. 424. The dependence of the third-order optical susceptibility ¥*® on the radius of CuCl
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Another effect of the enhancement of the transition dipole moment is rapid
super-radiative decay of the excitons as long as the radius R is less than the
wavelength (1) of the relevant light. The exciton has the maximum cooperation
number in the sense that this exciton state is made by a coherent superposition
of all atomic excitations which make up the microcrystallites. The super-
radiative decay rate of the lowest exciton 2y is evaluated as [95, 179]

2y = 1/t = 64n(R/ap)* (4 P2, /341°) (4.59)

where A = 2mcfi/Ey. The excitons in the larger microcrystallite can radiate
more rapidly with decay time 7~ R™3. The lowest exciton in the CuCl
microcrystallite (for example, with a radius of 5 nm) is estimated to have a
decay time of 0.1 ns. In bulk semiconductors, the exciton absorption spectrum
is thought to be strongly modified by the plasma screening effect [97, 181]. In
the three-dimensionally confined microcrystallites, the allowed states are
separated by large energies so that such transitions are difficult and screening is
not thought to be so important [97, 98].

Under the confinement condition described above, the exciton can contribute
to the enhancement of the nonlinear optical response and y® increases as R>.
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Three factors, however, can make the excitons in microcrystallite deviate from
this condition [95, 135]. When R is further increased, first the exciton—exciton
interaction Aiw;y, is inversely proportional to the volume of the microcrystallite,
according to Eq. (4.58). Then, if we assume wiy > |@ — 1], the enhancement
limit is given by

R< {13Ey/4w — |} Pag. (4.60)
Since quantization energy is given by
E = n*m*h? /2 MR? (4.61)

the energy spacing is expected to decrease as the radius R of the microcrys-
tallite increases. When the off-resonant energy % |w — w;| becomes larger than
the quantization energy fi(w, — w;) = 3h*n? /2 MR?, the lowest excitation level
is hybridized with higher levels with the smaller transition dipole moments,
which reduces the enhancement of y®. Therefore, the enhancement limit is
given by

R < [3#2a?2M|w — w]]'/?, (4.62)

When the size of the microcrystallite R increases beyond the coherent length

of the exciton L* = (f/MT)'/?, or the broadening AI" becomes larger than the
quantization energy, the lowest exciton level is also hybridized with higher
levels that have smaller transition dipole moments. This also reduces the
enhancement of [y®| [95, 135, 180] and if we assume R < L*, the enhance-
ment limit is given by

R< {92m)"/2/8}' 3 (1) My)'/? (4.63)
where 2y is the longitudinal decay rate. From the limit of the three factors
described above, an optimum size of the microcrystallite in order to get the
largest optical nonlinearity may be expected, as shown in Fig. 4.24 (b).

4.3.6.2 Excitonic optical nonlinearity in semiconductor-doped glasses

A. Nakamura et al. [17, 115] observed large nonlinear susceptibilities under
nearly resonant pumping of the exciton in CuCl-doped glasses. As shown in
Fig. 4.25, the ¥ measured at Z3 exciton energy of CuCl microcrystallites
increases with an increase of R and subsequently decreases after reaching a
maximum value at ~5.5 nm. The radius dependence is approximately R3. The
highest value is [y®| = 3.4 X 10™®esu for R ~ 5.5 nm. B. L. Justus et al.
[182] also found that the excitonic optical nonlinearity in CuCl-doped borosili-
cate glass increases with increasing particle radius over the range 22 to 34 A,
in agreement with theoretical predictions.

A considerable light-induced blue shift of the excitonic band and absorption
saturation were observed for CuCl crystallites embedded in a glass matrix
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Fig. 4.25. The size dependence of ¥® measured at Z3 exciton energy of CuCl microcrystallites
at 80 K. [Reprinted from T. Tokizaki, T. Kataoka, A. Nakamura, N. Sugimoto and T. Manabe,
Jpn. J. Appl. Phys. 32 (1993) L782, copyright (1993) with permission from Publication Office,
Japan Journal of Applied Physics.]

[183—185]. An investigation was also made of the linear and nonlinear optical
properties of CuBr microcrystallites embedded in glass [186, 187]. In this case,
at higher intensities of excitation, a strong blue shift and a bleaching is
measured even at 300 K [187].

The radiative decay rate of the confined exciton in CuCl microcrystallites
with radii R of 18 ~ 77 A embedded in glass was reported by A. Nakamura et
al. [188]. They observed that the radiative decay rate is proportional to R=>"! as
shown in Fig. 4.26, which confirms the theoretical prediction for the size
dependence of the radiative decay rate of confined excitons. The slope is,
however, smaller than the theoretically expected R~> dependence from Eq.
(4.59). They suggested that the deviation may come from the reduction of
confinement for the smaller radius due to the difference in the dielectric
constants of semiconductor microcrystallite and glass matrix.

From the viewpoint of applications, the figure of merit y® /at is of interest.
As is expected from the results of Fig. 4.25 and 4.26, the figure of merit is
increased with an increase of radii for R<4 nm [115, 189]. The size
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Fig. 4.26. The decay times of the Z3 excitons as a function of the crystallite radius R. [Reprinted
from A. Nakamura, H. Yamada and T. Tokizaki, Phys. Rev. B40 (1989-II) 8585, copyright (1989)
with permission from The American Physical Society.]

dependence of optical nonlinearity in CuBr,Cl;_, (R = 2.7 ~ 56 nm) and in
CuBr (R = 1.7 ~ 42 nm) nanocrystals embedded in borosilicate glass have
been also investigated [190-192]. The size dependence of x¥/ar for
CuBr4Cl,_4 exhibits an R*! dependence and does not saturate up to the largest
size of R ~ 34ag. This behaviour is different from that observed in CuCl
microcrystal, which has been attributed to the valence band structure of CuBr.
This extremely high performance makes the CuCl- and CuBr-doped glasses
almost ideal nonlinear optical materials at low temperature. However, this
situation can only be achieved at temperatures that are low enough to prevent
population of the higher-lying center of mass states.

4.3.7 Fabrication techniques

The commercial semiconductor-doped filter glasses are normally manufactured
by quenching appropriately doped melts, and reheating them just above the
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glass formation temperature to control precipitation of the semiconductor
particles [113, 114, 193]. Additionally various methods such as super-cooling,
film deposition, porous process, sol-gel process and the ion implantation
method have been studied for the development of new semiconductor-doped
glass materials. Table 4.6 summarizes the typical nonlinear properties of
semiconductor-doped glass materials prepared by various fabrication technolo-
gies reported in a large number of papers.

4.3.8 Applications of semiconductor-doped glasses

One example of the practical applications of semiconductor-doped glasses is
image reconstruction through optical phase conjugation using commercially
available filter glass [14, 126]. The switching characteristic of the nonlinear
directional coupler was also demonstrated using waveguide geometry on the
CdS,Se;_,-doped glass made by the ion-exchange process [208]. Bistable
switching of the Fabry—Pérot interferometer configuration [129] has been
demonstrated using filter glasses as shown in Fig. 4.27. Quantum-confined
microcrystallites of PbS in glass were used recently as an intracavity saturable
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Fig. 4.27. Optical switching with Fabry—Pérot interferometer configuration (CdS,Se;_, filter
glass Y52). [Reprinted from J. Yumoto, S. Fukushima and K. Kubodera, Opt. Lett. 12 (1987) 832,
copyright (1987) with permission from the Optical Society of America.]
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absorber to obtain passive continuous-wave mode locking in a Cr: forsterite
laser. Laser pulses with 4.6 ps width were obtained at a 110 MHz repetition
rate in this study [209].

4.4 Metal-doped glasses
4.4.1 Fundamentals of optical properties of metal
4.4.1.1 Bulk metal (Drude’s theory)

The optical properties of metals are related to the intraband transition of free
electrons in the conduction band and interband transitions of electrons from the
valence band to the conduction band. Although the intraband transitions have
been used to discuss the fundamental absorption bands in semiconductors, the
number of free carriers is usually much larger by several orders of magnitude
in metals and the absorption related to their intraband transitions is therefore
much larger in metals than in semiconductors [210].

The alkali metals are usually regarded as good examples of metals having
nearly free electron behavior. They have one valence electron in an s band on
each atom: 2s in lithium, 3s in sodium, 4s in potassium. The s band is therefore
half-filled and the conduction electrons act as if they were free. The noble
metals, such as Cu, Ag and Au are also monovalent metals, but they differ from
the alkali metals by having a d shell in the free atoms [102, 211]. As shown in
Fig. 4.28, the d band is believed to overlap the s—p conduction band, lying 2.1
to 3.8 eV below Fermi level. In the case of noble metals, therefore, both
mechanisms (interband between the d-bands and the conduction band, and
intraband transition) contribute to the absorption [210].

If it is assumed that free electrons are responsible for the optical properties
of metals, Drude’s treatment is more fundamental [36, 210, 212, 213]. This
model is based on the assumption that the free electrons of the metal move
freely inside the sphere with viscous damping and there are no other forces on
the applied electron field. The particle forms a strong dipole in an applied
electric field. This situation is described by the following equation of motion,
when we assume that the restoring term in Eq. (4.28) is zero,

m*(d*x/d¢*) + ym™*(dx/dt) = —Ee (4.64)
where y is a constant describing the viscous damping and m™ is the effective
mass of the conduction electrons. The damping arises from the collisions of the
electrons and is simply the inverse of the collision time, i.e. ¥ = 1/7. The
steady-state solution of this equation is

x = (e/m™)[Eyexp(iot) /(w* — iyw)]. (4.65)
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Fig. 4.28. Schematic expression of electron state density and band structure of Cu metal.
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The resulting dielectric constant &, can then be written as
em(w) = ey —ieh =1 — a)s/{a)(a) —i/7)}. (4.66)

Here w,, denotes the plasma frequency of the bulk material, which is defined by
the following equation

wp, = (4ntNe? /m*)!/? (4.67)
depending on the number of conduction electrons per unit volume, N. This
means phenomenologically that the optical properties of metals are caused by
the oscillation of the electron group density. The equations for the real and
imaginary parts of the dielectric constant then become [36, 214, 215]

eh=n"—k =1-0)7 /{1 +(01)’} (4.68)

e = 2nk = wit/{w(l + (01)))}. (4.69)

From the static conductivity of silver or copper, the mean free path of the

conduction electron in bulk metal is ~500 A and 7 ~ 5 X 10~!4 5. Therefore,

the frequency in the visible and near infrared region is larger than the inverse

scattering time ((wt)?> > 1). Then, Egs. (4.68) and (4.69) are simplified,

becoming

r 2 2

&m=1-0,/0 (4.70)

e = w3 /0’1, 4.71)

Thus, the optical properties of the free carrier are distinguished by the
frequency w relative to w,. Usually, the number density N is about 1022 cm ™!,
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which yields wp, ~ 10'¢ sec™! for noble metals [36, 215]. Therefore, in the case
of silver or copper in the visible region, w, >w > 1/7.

4.4.1.2 Small metal particles (mean free path theory) [213, 214, 216, 217]

The optical properties of large particles or bulk metal behave as if they are
determined by free electrons, although interband transitions also contribute at
these wavelengths. In the case of intermediate size, the incident beam may
either be absorbed or scattered. When the diameter d of the sphere is small
compared with the wavelength, the scattering losses are negligible. The
collisions of the conduction electrons with the particle surfaces become
important as an additional process. The new collision relaxation time 7. due
to this process will be given by

I/Teff = l/Tb+UF/R (472)
where 7}, is the bulk value, vr is the Fermi velocity of free electrons, and R is
the radius of the particles. The Fermi velocity vg is 1.4 X 10° m/sec for silver
and the mean free path vg7, in bulk material is ~500 A.If2R < ~500 A, then
the mean free path is usually equal to the particle size 2R and is entirely limited
by the boundary scattering as

1/Tesr = vg/R. (4.73)

4.4.1.3 Composite materials [213, 214, 216—218]

The optical properties of composite materials, which consist of small spherical
metal particles of radius R with a complex dielectric constant &, embedded in
a dielectric medium such as glass with a real dielectric constant g4, are quite
different from those of each component material. The structure of the compo-
site material is shown schematically in Fig. 4.29.

When the diameter of the metal spheres is small compared with the wave-
length and the volume fraction p occupied by the metal particles is small
compared with 1, (p < 1), the polarization of such a composite material may
be described in terms of the effective dielectric constant &.¢r, Which is written
as the approximate form [213, 218] originally derived by J. C. Maxwell-Garnett
[219, 220]

Eeff = & + 3p€d{(€m - Sd)/(gm + zgd)} (474)
where &, = &, + iey (complex and frequency dependent) is the dielectric
constant of the metallic particle and &4 (real) is that of the host dielectric

medium. The absorption coefficient of the composite materials related to the
imaginary part of & is easily deduced [214, 216, 218] from Eq. (4.74)
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Fig. 4.29. Schematic diagram of a composite material consisting of a metal particles of radius
R with complex dielectric constant &, embedded in a dielectric matrix with a real dielectric
constant &4.

a=Qw/c)k
= Opwe)?Je)en/{(en + 2ea) + D). (4.75)
The absorption coefficient has a maximum value at the frequency ws for which
em(ws) + 2e4 + 0. (4.76)

This is called ‘surface plasma resonance’, corresponding to the collective
electronic excitations at the interface between a metal and a dielectric. As in
the vicinity of wg, from Egs. (4.70), (4.71), (4.75) and (4.76), the absorption
coefficient can be expressed [216]

a = {9pe)? /4c2eq + 1)’ (@2 /0?0 /{(0s — 0) + QD) 2H (477

The absorption spectrum has a Lorentzian shape and the full width y at half-
height of this spectrum is just the inverse of the scattering time t. When the
diameter of the metal particles is sufficiently small, the scattering time is given
by Eq. (4.73). Consequently one might expect that the width of the surface
plasma resonance y should be proportional to 1/R, leading to a broadening of
the surface plasma width for smaller particles. For instance, gold and copper
particles typically in the range 10 to 100 nm in diameter are ruby red with an
absorption band peaking at ~550 nm [221, 222]. They also have absorption
due to the interband transition overlapping the plasma resonance peak. The
beautiful colors of such composite materials have been used in the art of
colored stained glass for churches or cathedrals and red colored goblets.
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4.4.2 Optical nonlinear mechanisms of metal-doped composite materials

The optical response of composite materials which consist of small metal
particles embedded in a dielectric medium is mainly affected either by an
electric-field enhancement effect (dielectric confinement) or by a quantum
confinement effect.

4.4.2.1 Local electric field effect (dielectric confinement) [218, 223—225]

The third-order nonlinear polarization P®)(w) induced by a strong optical field
E is characterized by a change of the effective dielectric constant Oeqgr. If this
change results from a change of the dielectric constant of the metallic particles
O&n, the relation between the two is obtained by differentiating Eq. (4.74),

Otert = {384/ (em + 2€4)}? pOem = f2pOem. (4.78)
If dey, is only due to the ¥ process of the electrons in the metal spheres, a
change de,, is simply related to the third-order susceptibility x> of the metal
by the relation
dem = 12my P EL (4.79)
where Ej, is the local field inside the metallic particles. When a metal particle
is placed in a uniform electric field E, the field inside the particle is derived by
local field correction theory,
Ein = {38d/(8m + 28d)}E = fiE. (480)
Here f; is the ratio between the internal field Ej, and the external field E, and
referred to as the local field factor. Since f> = 12, Eq. (4.78) can be written as

Oty = 12np [y E2 (4.81)

The third-order nonlinear polarization thus can be written as
PO(w) = 3pfig B = VB’ (4.82)
1 =3plil (4.83)

The local field factor is generally smaller than 1, but at the surface plasma
resonance frequency ws for which e/, (ws) + 2e4 = 0, a dramatic enhancement
of the local field inside the particle can be achieved.

In the plasma resonance condition, the focal field factor becomes

filw) = 3e4/|em(w)]. (4.84)

From Eqgs. (4.71) and (4.72), on the other hand, the size dependence of &y, is
given by [214]

em(@) = ep(w) + A(w)/R (4.85)

where ep(w) is the imaginary part of the dielectric constant of bulk metal, R is

the particle radius and A(w) is a frequency-dependent parameter. Then if we
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assume that ¥ is independent of particle size, the third-order nonlinear
susceptibility is expected to increase as the volume fraction of the metal
particle and the mean particle size increase.

4.4.2.2 Quantum mechanical effect (quantum confinement) [224—227]

Another essential contribution to the nonlinear susceptibility is ¥). Three
quantum mechanisms have been proposed to make major contributions to y3
for noble metal particles: intraband transition, interband transition and hot
electron [224-227].

A first contribution to x> arising from the conduction electrons is the
contribution of intraband transitions between filled and empty states in the
conduction band, corresponding to the Drude dielectric constant. Due to size
quantization, the conduction band will be split into discrete levels with an
average separation that is large compared with thermal energies. This effect is
called quantum size effect and has already been discussed in the section on
semiconductor-doped glasses. When the radius R of the metal sphere is in the
range 5 ~ 50 nm the component of ¥ due to this new contribution comes into
play. It is approximately given by

{ina} ~ —i(1/R){e* B /m*h 0"} g)(1 — d/do) (486
where e and m are the charge and mass of a free electron, Ef is the Fermi
energy, g(v) is a kind of shape factor and usually a number of order 1, the
parameter d is the diameter representing the upper limit of the quantum size
effect. The value of d, is given approximately by dy ~ T>(2Eg/m)"/?, where
T, is the dephasing time [224]. In the case of Cu, this leads to a value of d
around 30 nm [226], comparable with that for Au [224]. For much smaller R
(d <dy), ¥ is thus size-dependent on R>. The value of the contribution of
the conduction electron to the nonlinear susceptibility was expected to be of
the order of 10~13 esu [224].

In addition to the free electron intraband term, the dielectric constant of a
noble metal contains a term corresponding to the interband transitions between
the d and s—p bands. A contribution to y% arising from this interband
transition will consist of the fully resonant contribution of the two correspond-
ing levels. In other words, it corresponds to the saturation of the two-level
transition. The imaginary part of ¥ responsible for interband transition has
the form [224]

Im{Pinter} ~ —(e* /502 m* &*)T1 T5| rac|* (4.87)
where 7' and T are the energy lifetime and the dephasing time for a two-level

system, rq. is the matrix element of transition. From this equation, Xg)imer 18
slightly size-dependent because the dephasing time 75 changes with the
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dimensions of the metal particles. The d-band electrons have very large effec-
tive masses and they are already localized. The d-band electrons are therefore
not strongly affected by the quantum confinement but only affected for very
small spheres with sizes < 2.5 nm. Assuming the values of each parameter, the
contribution from this term was estimated to be of the order of 1078 esu [224].

The third possible mechanism contributing to ) is the nonequilibrium
electron heating. When a laser beam whose frequency w is close to the surface
plasma resonance frequency, ws, is incident upon a metal particle, interband or
intraband transition results in high electronic temperatures, leading to a
deformation of the Fermi-Dirac distribution of electrons near the Fermi surface,
i.e. it increases the electron occupancy above the Fermi energy and decreases
the occupancy below. The so-called Fermi smearing affects the transition
probability of the d-band electrons to the conduction-band energies near the
Fermi level, which changes the dielectric function and modifies the absorption
coefficient of d-electron. The Fermi-smearing also results in an enhanced
probability for scattering between states in the vicinity of the Fermi energy.
This enhancement of the total electronic scattering rate leads to a surface
plasma line broadening due to surface-scattering-induced damping.

The Fermi smearing or hot-electron contribution to ¥$) is given by [224]

Im{y ot} ~ (1/24m>y T)(wedyTo)(Def /OT) (4.88)

m

where yT is the specific heat of the conduction electron, ¢, and ¢ is the
imaginary part of the dielectric constant due to the free electron and interband
transition, respectively, 7 is the time constant for the cooling of electrons. This
so-called hot-electron effect is a thermal effect. Therefore the changes in y
induced by this effect are expected to be size independent. The predicted value
of ¥ due to Fermi smearing is expected to be of the order of ~1077 esu
[224].

4.4.3 Nonlinear optical properties of metal-doped glasses
4.4.3.1 Nonlinear susceptibility, 3>

As discussed in the previous section, the large third-order susceptibility of
these glasses is predominantly attributed to local field enhancement near the
surface plasma resonance of the metal particles [223—-225]. Figure 4.30 shows
a typical example of transmission electron micrographs of Cu-doped glass.
Most of the metal particles appear as dark spheres roughly 10 nm in diameter.
Figure 4.31 shows representative absorption spectra and the wavelength
dependence of ¥ of Cu- and Ag-doped glasses [228]. A broad plasma
resonance peak and, in addition, a large absorption band are observed, for
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(b)

Fig. 430. Transmission electron micrograph of Cu- and Ag-doped BaO-P,Os glass. (a)
50P,05—-50Ba0O—-6Sn0O—-6Cu,0, (b) 50P,05—-50Ba0—-4Sn0O—4Ag,0. [Reprinted from K. Uchi-
da, S. Kaneko, S. Omi, C. Hata, H. Tanji, Y. Asahara, ef al. J. Opt. Soc. Am. B11 (1994) 1236,
copyright (1994) with permission from the Optical Society of America.]

instance, in the copper-doped glasses. The values of ¥® denoted by filled
circles exhibit a peak at almost the same wavelength as the absorption peak.
The maximum value of |y®| is of the order of 107 esu for both types of metal
particles.

4.4.3.2 Nonlinear susceptibility of metal particle, x,(,f)

By using the local field factor calculated from Eq. (4.80) and the volume
fraction p extracted from expression (4.75) for the absorption coefficient, the
value of y) can be calculated from the ¥ data through Eq. (4.83). The results
were, for example, (2 ~ 4) X 1077 esu for silver [223, 228], ~10~° for copper
[228] and ~8.0 X 10~ esu for gold particles [223, 224]. The ¥ for copper
particles is much larger than that for silver and gold particles, which may be
due to the difference in the hot electron and interband contributions to the
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Fig. 4.31. Absorption spectra and wavelength dependence of y® for Cu- and Ag-doped glasses.
[Reprinted from K. Uchida, S. Kaneko, S. Omi, C. Hata, H. Tanji, Y. Asahara, et al. J. Opt. Soc.
Am. B11 (1994) 1236, copyright (1994) with permission from the Optical Society of America.]

plasma resonance. Copper has a high density of states correlated with the d-
band, which enhance the hot-electron contribution owing to Fermi smearing at
the plasmon frequency.

The estimated value of ¥ in the Au-doped glasses prepared by the sol-gel
process was exceptionally in the range of 1077 ~ 107 esu [229-231]. These
values are about one to three orders of magnitude larger than the reported
values of ~10~° esu in Au-doped glasses prepared by melting and subsequent
heat treatment. Such large values of ¥ for these glasses are now thought to be
due to the nonequilibrium state of the Au particles, but the errors from
uncertainties of dielectric model, size distribution, etc. in calculation of xfﬁ’
may also have contributed [232].

Size dependence of '3 has also been studied by many workers. The value of
%) for copper (R =2.5~47.7nm) [228], for silver (R =2.1 ~ 15.3 nm)
[228] and for gold (d = 2.8 ~ 30 nm [224] and d = 5 ~ 30 nm [233]) parti-
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cles determined experimentally were roughly independent of particle size,
which is consistent with the Fermi smearing or hot electron contribution to 2.
In contrast, Li Yang et al. [226] reported recently in their experimental data
that Xg) of the Cu clusters in the Cu-implanted SiO; is inversely proportional
to d* for d <10 nm, as shown in Fig. 4.32. Therefore, when the diameters of
the Cu particles are smaller than ~10 nm, the intraband transition in the
conduction band probably makes the main contribution to 3.

4.4.3.3 Response time

If the nonlinear response of metal particles is based on nonequilibrium electron
heating, the response time is determined by the cooling time of the hot
electron, which cools to the metal lattice through electron—phonon scattering
in 2 ~ 3 ps [234]. In fact most of the available literature on silver and gold
colloids have reported that the nonlinear response is fast on a several-ps time
scale [223, 225]. The time response of the nonlinear conjugate signal for the
gold-doped glass consists of two components. One component is faster than the
laser pulse duration of 30 ps, which is likely due to the cooling process of
nonequilibrium heating of the electron gas (Fermi smearing) to the gold lattice.
The slower component is thought to be due to residual heating of the gold

5 Cu-implanted glass
Data
— Fit curve
4 (~1/d3)
Z
o 31
9
o
=
2 2r
x
1 -
(O =N | 1

|
5 10 15

Mean cluster diameter (nm)

Fig. 4.32. xg) of the Cu clusters as a function of mean particle diameter for Cu-implanted SiO,.
[Reprinted from Li Yang, K. Becker, F. M. Smith, R. H. Magruder III, R. F. Haglund, Jr., Lina
Yang, et al. J. Opt. Soc. Am. B11 (1994) 457, Copyright (1994) with permission from the Optical
Society of America.]
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lattice. The cooling time of the gold lattice increases with particle size and
115 ps is predicted for a 30 nm-sized gold particle. A similar nonlinear
response consisting of fast and slow components was also found in experiments
using Cu-doped glasses [228, 235].

More recently pump-probe experiments with a time resolution of 100 fs have
been performed for copper particles with a radius of 4 nm [236]. Figure 4.33
(a) shows the linear absorption spectrum of copper particles with a radius of
4 nm at 300 K. A surface plasma peak is observed at 2.2 eV. A large shoulder
is due to the transition from the d band. Figure 4.32 (b) shows differential
absorption spectra for various delay times. When the lower energy side of the
plasma peak is excited by the pumping pulses, absorption bleaching is ob-
served at the plasma peak and the increase emerges at both sides of the peak.
This spectral behaviour is just the broadening of the plasma absorption band,
suggesting that the hot electrons are the dominant contribution to the measured
nonlinearity.

3.0

1 1] 1

Cu-doped glass R =40 A

N
o

Absorbance

400 500 600 700 800
Wavelength (nm)

Optical density change

L
400 500 600 700 800
Wavelength (nm)

Fig. 433. (a) The linear absorption spectrum of copper particles with a radius of 4 nm at
300 K. (b) The differential absorption spectra for various delay times. [Reprinted from T.
Tokizaki, A. Nakamura, S. Kaneko, K. Uchida, S. Omi, H. Tanji et al. Appl. Phys. Lett. 65
(1994) 941, copyright (1994) with permission from the American Institute of Physics.]
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Figure 4.34 shows the nonlinear response time at the early stage of the time
delay for different laser fluences derived from the recovery time of the
absorption spectra [236]. The decay behavior of the bleaching signal exhibits
nonexponential decay with two components. The fast component is decayed
within 5 ps and the slow one remains for times of more than 150 ps. The fast
one depends on the pumping laser fluences, and is as short as 0.7 ps for
0.21 mJ/cm?. These behaviors are explained as the relaxation dynamics of
electron temperature and lattice-effective temperature by the usual electron-
photon coupling model.

A similar pronounced broadening of the surface plasma line upon interband
excitation and direct excitation of the surface plasmon has also been studied in
gold colloids embedded in a sol-gel matrix [237] and Ag colloids embedded in
a glass [238-240]. The recovery dynamic was characterized by a two-
component decay with time constants of 4 and ~200 ps [237]. It was shown in
the gold colloids that pumping at interband transition frequencies results in a
more efficient surface plasma damping than at the surface plasma resonance
pumping itself [237]. In the Ag colloid case, however, the direct excitation of
the surface plasma was more efficient [238—240].

T T T T T T

Cu-doped glass

06 R=40nm -
(a) 4.0 mJ/ . 2.7 ps

I (b) 21 :15ps 7
(c) 1.0 :1.2ps

0.4+ (d) 0.52 :1.0ps 7

(e) 0.21 : 0.7 ps

0.2

Relative optical density change

0.0

0.0 2.0 4.0 6.0
Decay time (ps)

Fig. 434. Time response at the early stage of the time delay for various laser fluences.
[Reprinted from T. Tokizaki, A. Nakamura, S. Kaneko, K. Uchida, S. Omi, H. Tanji ef al. Appl.
Phys. Lett. 65 (1994) 941, copyright (1994) with permission from the American Institute of
Physics.]
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4.4.3.4 Figure of merit
The nonlinear material is evaluated in terms of large ¥ which is produced by
the large optical absorption, whereas a high throughput is also required in the
practical nonlinear devices. This leads to a materials figure of merit for
nonlinear devices defined as
F=y%/a. (4.89)
Near the plasma resonance frequency ws, if &4 ~ né, the local field factor
given by Eq. (4.84) becomes
fiwy) = 3ea/em = 3n e (4.90)
where n, is the refractive index of the glass matrix. The absorption coefficient,
Eq. (4.75) is given by [224]
a = p(w/nc)|fi em. (4.91)
The materials figure of merit, ¥® /&, can now be written as

10710 —
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Fig. 435. %®/a and f}/em as a function of particle size. [Reprinted from K. Uchida, S.
Kaneko, S. Omi, C. Hata, H. Tanji, Y. Asahara, ef al. J. Opt. Soc. Am. B11 (1994) 1236, copyright
(1994) with permission from the Optical Society of America.]
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1= (enfw)| fiP ]/ em(@)
= 9n3(c/w x|/ lem(@)]. (4.92)

Since the size dependence of ¢, is given by Eq. (4.85), a large figure of merit
is expected by increasing the particle radius or by increasing the refractive
index of the glass material.

Figure 4.35 shows a typical example of the figure of merit ¥'® /a of glasses
that have been doped with copper and silver particles measured at the
absorption peak as a function of particle radii [228]. The value of ¥®/a
increases with an increase of radius for the copper particles (R <30 nm) and
for silver particles (R <15 nm). The solid curves in the figure represent the
calculation of f7/e/; based on the mean free path theory. Excellent agreement
is obtained between the slope of the measured ¥ /a and the calculated f7 /e
as expected from Egs. (4.90) and (4.92). Such an enlargement of ¥® /a with an
increase of particle radius was also reported for Au-doped SiO, film prepared
by a sputtering method [241-243].
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Fig. 4.36. The measured value of ¥ /a as a function of particle size for various refractive
indices of matrix glasses.
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The influences of the refractive index of the matrix materials on the figure of
merit were also investigated, according to Eq. (4.92). Figure 4.36 shows the
figure of merit of Cu- and Ag-doped glasses as a function of metal particle size
for matrix glasses with various refractive indices [244]. For the Cu-doped glass,
it is seen that the figure of merit increases 2.07 times as an increase of
refractive index from 1.7 to 2.07. The same effect of the enlargement of the
figure of merit was also found for Au-doped composite materials [241, 242]. In
contrast, such enhancement in the figure of merit cannot be observed for Ag-
doped glass [244].

According to Eq. (4.92), x'*/a is simply proportional to the ng, inverse of
s and ep. The figure of merit, therefore, increases also with a decrease of wy
accompanying the increase of n,. This factor is only 1.04 for Cu particles and
1.21 for Ag particles, and negligible in both cases. The value of ey also
depends on the frequency and decreases with the shift of the plasma resonance
frequency ws [245]. For the Ag-doped glass, the figure of merit increases 4.5
times when the refractive index of the matrix increases from 1.7 to 2.3. The
value of &/, in contrast, increases with the shift of resonant frequency ws. The
factor induced by this change of ey, is 0.21, which compensates the increase
due to the refractive index changes [244].

4.4.4 Fabrication techniques

Glasses containing small metal particles have been prepared by various meth-
ods such as melt-quenching, the sol-gel process, sputtering and the ion
implantation process. Table 4.7 summarizes the main nonlinear properties of
glass materials prepared by various fabrication techniques.

4.5 Comparisons of optical nonlinearities of various nonlinear glass
materials

As stated in Section 4.1.2, the optical nonlinearities of the glass materials can
be divided into two principal categories, resonant or nonresonant, depending
on whether the transition generates real or virtual excited-state populations.
Table 4.8 summarizes the classification and main nonlinear mechanisms of
some representative nonlinear glass materials. Figure 4.37 summarizes and
compares the nonlinear susceptibilities and nonlinear response times of various
nonlinear glass materials. Figure 4.38 compares the various nonlinear glass
materials in terms of the optical excitation process.

The dominant intrinsic or nonresonant nonlinearities in all glass materials
are produced by excitation in the transparency region well below the band gap.
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Fig. 4.37. The nonlinear susceptibilities versus nonlinear response time. (Data from Table 4.4,
4.5, 4.6 and 4.7. The broken lines (response time: 1072 sec, |3®|: 107 esu) indicate the
conditions required for obtaining 27 phase shift when pulse selector is made using 1 mW-LD and
10 mm optical path [265].)

They have advantages of negligible linear loss in the wavelength range of
interest. The nonlinearities are due to anharmonic motion of bound electrons
induced by the optical fields. The driven components are due to ‘virtual
populations’ as long as the field is applied. In this process, there is no energy
deposition in the material and no participation in any relaxation process. They
are characterized by an extremely fast response by a simple application of the
uncertainty principle, but the field-induced optical nonlinearities are usually
small.

The remaining nonlinearities are resonant, which means electronic move-
ment from one energy level to another. The real excitations generate predomi-
nantly large excited-state populations of the free carriers for a given excitation
intensity and modify the absorption properties. The absorption change da(w")
gives the refractive index changes A n(w) through the K—K transformation (see
Eq. (4.16)) which lead to significant third-order optical nonlinear effects.
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Fig. 4.38. Various nonlinear optical processes in nonlinear glasses.

Glasses dispersed with semiconductor microcrystallites or metal microparticles
fall into this category.

In the semiconductor-doped glasses, the band-filling effect or blocking effect
mainly produces the nonlinear absorption changes leading to the optical
nonlinearities. The quantum size effect in the microcrystallites, i.e. the state-
filling effect leads to a further enhancement of these nonlinearities (state
filling). A major advantage of these glasses is the large nonlinear effects with
only a small optical field. However, since the populations have a finite lifetime
and participate in a number of relaxation processes, response times are
consequently limited by speeds corresponding to energy build up and relaxa-
tion times. Carrier trapping, Auger recombination, free carrier absorption and
photodarkening effects additionally affect the nonlinear response time.

For the specific case of semiconductor-doped glasses (wide-gap semiconduc-
tor), a bound state of the electron-hole pair (exciton state) analogous to the
nonresonant electric polarization is conserved in the microcrystallites, which
results in much higher nonlinearities and a fast nonlinear response. This
situation, however, can only be achieved at low temperature.

The last candidate is glasses doped with small metal particles, such as Cu,
Ag, and Au. In this case, the nonlinearities are mainly attributed to local field
enhancement near the surface plasma resonance and nonequilibrium electron
heating (hot electron). Since the effect is caused by the collective motion of
free electrons, they exhibit large optical nonlinearities as well as fast response
times near the surface plasma resonance frequency.
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S

Magneto-optical glass

Introduction

The research into materials with a high magneto-optical effect is always an
interesting matter because these materials are extensively used as magnetic
field sensors and optical isolators. Glass materials are of interest for these
applications because they are transparent in the visible and near infrared
spectral region and can be readily formed into complex shapes such as optical
fibers. One of the magneto-optical effects, the Faraday effect in glass is a well-
known phenomenon. The primary trend of the studies is, therefore, to develop
and produce glass compositions having a large specific Faraday rotation and
low absorption in the visible and near infrared regions.

Generally the Verdet constant, a measure of the Faraday rotation of the
materials, is considered to be of two types depending upon the ion or ions that
are incorporated in glass: diamagnetic or paramagnetic. Most normal network
former and modifier ions in glass would give rise to diamagnetic rotation. The
rare-earth and transition ions are examples of paramagnetic ions. Diamagnetic
glasses generally have small and positive Verdet constants, which are almost
independent of temperature, whereas paramagnetic glasses usually have large
and negative Verdet constants, which are generally inversely proportional to
temperature. The Faraday effects of various glasses are presented and discussed
in this chapter.

242
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5.1 Magnetic properties of materials
5.1.1 Origin of magnetics of materials

5.1.1.1 Permanent magnetic dipoles [1, 2]
From the hypothesis of Ampere, the magnetic dipole moment associated with
the electron orbit radius r and the angular velocity wy is given by
U = —ewor*/2c. (5.1)
Since the angular momentum of the electron is given by y = mwqr?, the
magnetic dipole moment can be related to the angular momentum as

pm = —(e/2me)y. (5.2)
According to the quantum theory, on the other hand, the angular momentum of
the electron orbit is determined by the quantum number /, which is restricted to

the set of values / =0, 1, 2, ..., (n — 1). By using the angular momentum %1,
the magnetic dipole moment is given by
u = —(eh/2mec)l = —ugl. (5.3)

Here, the quantity ug = (efi/2mc) = 0.927 X 1072 erg/Oe (emu) is called the
Bohr magneton, the number of which is a measure of the magnetic moment.
The electron itself has another angular momentum s known as the spin. The
magnetic moment component g of the spin is given by

us = —(e/2mc)(h/2)s = —2ugs. (5.4)

In atoms containing a number of electrons, the orbital angular momentum

may be combined to form a resultant L and the spin may be combined

vectorially to form a resultant §. Then the magnetic dipole moment associated

with the total orbital angular momentum L and total spin angular momentum .§

is respectively

pL = —usL (5.5)

ps = —2ugsS. (5.6)

The total magnetic dipole moment of the whole electron system of the atom in
free space is given by

My = (pL + ps)
— up(L +28)

A quantity g, called the Lande g factor or the spectroscopic splitting factor, is
given by the Lande equation for a free atom

g=1+{JJ+1D)+8S+1)— LIL+1)}/2J(J + 1). (5.8)

For an electron spin, g is usually taken as 2.00.
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5.1.1.2 Effect of a magnetic field on an atom [1]

According to the quantum theory, when the atom is subjected to an external
magnetic field, the permanent magnetic moment of a given atom or ion is
rotating and the quantum states of an atom are in general modified, i.e. states
which were formerly degenerate may become separated and certain spectral
lines may consequently be split into several components. This effect is called
Zeeman splitting. The modification is, however, not free but restricted to a
finite set of orientations relative to the applied field. The possible components
of the magnetic moment along the direction of an external magnetic field H
are determined by the magnetic quantum number m, where m is restricted to
the set of values

m=1(I-1),...,0, ..., —(—1), L

The total orbit momentum quantum number L or the total angular momen-
tum quantum number J of each atom in a magnetic field, also gives rise to the
possible components of the magnetic moment, My ug or Mjgug, respectively,
where

My=L (L-1),...,—(L—-1),—L,
My=J,J—-1),....,—(J—1), —J.
The energy of the system in a magnetic field, for instance, associated with J is,
therefore, given by
E=MgusH (5.9
with equal energy space 4 E, which is given by
AE = gugH. (5.10)

5.1.2 Macroscopic description of the magnetic properties of materials [1, 2]

5.1.2.1 Magnetization

In the absence of an applied magnetic field, the average magnetic moment
magnetization is zero. The application of the magnetic field H will cause the
orientation of the permanent magnetic moment u, resulting in the so-called
magnetization M. The magnetism requires, therefore, the existence of perma-
nent magnetic dipoles. The magnetization is given by

M =yH (5.11)

where y is the macroscopic magnetic susceptibility.
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5.1.2.2 Diamagnetic materials

An atom with filled electron shells has zero spin, zero orbital moment and
therefore zero permanent magnetic moment. When the flux through an
electrical circuit is changed, current according to the familiar Lenz’s law is
induced in such a direction as to oppose the flux change. The application of the
magnetic field will cause a finite current around the nucleus, resulting in a
magnetic moment that is opposite to the applied magnetic field. The magnetic
moment associated with such an induced current is called a diamagnetic
moment.

The diamagnetic susceptibility per unit volume is, if N is the number of
atoms per unit volume and Z is the number of electrons per atom,

x = —(NZe* /6mc*){(r?) (5.12)
where (r?) is the mean square distance of the electrons from the nucleus. The
diamagnetic susceptibility is thus determined essentially by the charge distribu-
tion in the atoms. The absolute magnitude of diamagnetic susceptibility there-
fore increases with the number of electrons per ion.

Now, let us consider the influence of magnetic field on the motion of an
electron in an atom quantitatively. The magnetic field H produces the Lorentz
force (e/c)v H on the electron, so that, according to Newtonian mechanics, we
may write

mro® = F — (e/c)vH
= mrw} —eroH/c (5.13)
o® — wy = —ewH [mc (5.14)
where w is the angular velocity of the electron in a magnetic field. Assuming
w ~ g, then
o w(z) =2w(w — wy) (5.15)
and
w—w) = wL
= —(e/2mc)H. (5.16)
This means that the motion of the electron in a magnetic field is just the same
as a motion in the absence of H except for the superposition of a common
precession of angular frequency wp. The frequency wp is called ‘Larmor

frequency’. The changes produced in the energy levels by a magnetic field can
be regarded as

AE = hwp, = —h(e/2mc)H = —ug H. (5.17)
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5.1.2.3 Paramagnetic materials

As was noted from Eq. (5.9), the possible component of the permanent
magnetic moment is Mjgug. In the absence of an applied magnetic field, the
average magnetic moment is zero. In an applied magnetic field, magnetization
results from the orientation of the permanent magnetic moment. According to
statistical mechanisms, the resultant magnetization must be given by summing
the (2J + 1) magnetic moment components of the corresponding Mj states per
atom along H. However, thermal distortion resists the tendency of the field to
orient the magnetic moment. The magnetic susceptibility in the limit,
Mygupg H/kT < 1, is then given by

%~ NJ(J + 1)g*us/3kT = Nuly/3kT (5.18)

petr = g[J(J + D]'Pup = nerup, (5.19)
where u.r is the statistical average of the magnetic moment and is called the
effective magnetic moment, and 7. is called the effective number of the Bohr
magneton. The magnetism associated with this magnetization is called para-
magnetism.

Paramagnetic ions in general have unfilled inner electronic shells. In the rare
earth group, the unoccupied 4f electron shell lies relatively deep inside the ions
because the outer electrons occupy 5s and 5p levels, thus leaving the orbits of
the 4f electrons practically the same as in the free ion. The effective number of
Bohr magnetons calculated from the J and g values predicts the behaviour of
most of the rare-earth salts quite well except the ions Sm** and Eu’*.

5.2 Fundamentals of the Faraday effect
5.2.1 Origin of Faraday rotation [3—6]

The Faraday effect is the rotation of the plane of polarization of linearly
polarized light propagating through a glass parallel to an applied magnetic
field. This phenomenon was discovered by M. Faraday in 1830 in PbO-contain-
ing flint glasses [3, 4] and has been utilized in the constitution of optical
switches, modulators, circulators, isolators and sensors for magnetic fields and
electric currents. The angle of rotation (0) is proportional to the light path (d)
through the medium and to the magnetic field strength (H), so that

0=VdH (5.20)
where the constant of proportionality J is known as the Verdet constant
(min/Oe-cm or rad/T-m) [V(min/Oe-cm) = 3.44 X 107> V (rad/T-m)], de-
pending on the magnetic properties of the glass.
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The Faraday effect originates from the difference between the refractive
indices for the right- and left-circularly polarized lights, i.e. nt and n~ with
applied longitudinal magnetic field. Plane-polarized light may be thought of as
a superposition of two contra-rotating circularly polarized lights. In the
presence of a magnetic field, these lights are propagated through a medium
with different velocities, corresponding to the two refractive indices n' and
n~. Consequently, the resultant plane of recombined polarization light will be
rotated at an angle 6 with respect to that of the original plane. For a sample of
thickness d, this angle is macroscopically expressed by [5, 6]

0 = (wd/2c)(n~ — n") (5.21)
where 6 is the angle of rotation per unit length. Here 6 is defined to be positive
when it is clockwise looking in the direction of propagation for a magnetic
field in the same direction.

In terms of the classical description, the equations of motion of electrons in
the equilibrium position by the applied optical field and by the applied
magnetic field includes the Lolentz force and is given by [5, 6]

m(dx?/de?) + my(dx/dt) + m(wix) + (e/c)vH = —eE(t) (5.22)

From a solution of this equation for the propagation parallel to an applied
magnetic field H, the rotation for low absorption (n > k) is given by

0 = (wd/2c)(n~ — n")
= (wd/2c)[(n(wo + wr) — n(wo — wL)] (5.23)
where wy is the ‘Larmor frequency’. This difference of the refractive indices
for right- and left-circularly polarized light is brought about by the Zeeman
splitting of the degenerate energy levels by the magnetic field. The Zeeman
splitting causes a slight shift in absorption peaks for right-hand and left-hand
circularly polarized light. This shift yields slightly different indices of refrac-
tion for the two orthogonal circular polarizations even at wavelengths for which
the material is transparent. Figure 5.1 summarizes the relationship between the
deviation from the resonance frequency and the Zeeman splitting of energy
levels. By selection rules, the change in the M component at the transition is
AMy =0, +1 or —1. When the magnetic field is present, the frequency of the
emission or absorption line (@, in zero magnetic field) becomes, therefore,
AML = O, w = Wy

AM; = -1, w = wo + WL, = wy — (/tBH/ﬁ)

AMy = +1, w = wg — oL = wo + (ug H /h)
corresponding to the left-hand (AMp = —1) and right-hand (AMy = +1)
circularly polarized light (perpendicular to the direction of magnetic field),
respectively [7].
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ML=2
ML =1
L=2
\\ ML_‘O
ML= -1
McL=-2
ML =1
L=1
ML=0
ML= -1
£ L wo fmL
H=0 H=+0

Fig. 5.1. Relationship between the deviation from the resonance frequency and the Zeeman
splitting of energy levels and the sign of the rotation of circularly polarized light.

5.2.2 Verdet constant [8, 9]

Generally the origin of rotation is considered to be of two types depending
upon whether the ion or ions in question have a filled or unfilled electronic
configuration. In the former case the rotation that is the contribution of the
Zeeman effect is termed diamagnetic (positive). Most normal network former
and modifier ions in glass would give rise to diamagnetic rotation. In the latter
case, the Verdet constant that arises from the perturbation of the amplitude
elements of the electric moment by the magnetic field is termed paramagnetic
(negative) and the rare-earth ions are examples that are frequently incorporated
in glass.

Since the Faraday rotation is brought about by the difference of the refractive
indices due to the splitting of energy levels, the expression for the Verdet
constant can be written in the form of the index dispersion and more
fundamentally on the position and strength of the transition involved. The
diamagnetic terms are given by [8, 9]

V= (4aNv) Y {4,/ -3’} (5.24)

where N is the charge carriers per unit volume, 4, is relative to the oscillator
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strength of transition, v,, is the transition frequencies and v is the frequency of
the incident light. This equation can also be written in the form [10] that
Becquerel derived on the basis of classical electromagnetic theory,

V = (ev/2mc*)(On/ov) (5.25)
where 7 is the refractive index of the medium and (On/0v) is the refractive
index dispersion. The index dispersion, i.e. the parameter v, and A4, would
mainly characterize the Verdet constant in this case.

On the other hand, the Verdet constant for the paramagnetic term can be
written as [9, 11, 12]

V= (K/T)Nnkg/) Y {Ca/(* —v2)} (5.26)
K = 4m’upv? /3chk (5.27)
ner = g[J(J + 1)]'/2 (5.28)

where N is the number of paramagnetic ions per unit volume, g is the Lande
splitting factor, up is the Bohr magneton number, C, is related to the transition
probabilities, v, is the transition frequencies, /4 is the Planck’s constant, J is the
total angular momentum quantum number, £ is the Boltzmann’s constant, T is
the absolute temperature and the other symbols have the same meaning as
above. Therefore, the parameters N, nes, C,, and v, would characterize the
Verdet constant in this case.

5.3 Faraday effect in glasses
5.3.1 Diamagnetic glasses

Most normal network former and network modifier ions in the optical glass,
e.g. Si*t, Na*, Ca’*, Pb**, and Ba’*, have a filled electron configuration.
They would give rise to diamagnetic rotation. The Faraday rotation of optical
glasses has been extensively investigated in the visible spectrum and the
infrared spectral region.

According to Eq. (5.24), a more convenient procedure for expressing the
Verdet constant and dispersion is to plot the Verdet constant against Abbe
number v4. A correlation of this type has been shown to hold in the visible
region for a large number of optical glasses [13]. Figure 5.2 shows the linear
relation of Verdet constant as a function of the index difference (ng — nc) for a
number of optical glasses, commercial Faraday glasses and acousto-optic
glasses.

Of the optical glasses, SF glasses have a large Verdet constant and are
particularly useful for the visible-near infrared spectral region since they have a
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Fig. 5.2. Relation between Verdet constant and index difference (ng — nc) of various diamag-
netic glasses. (Data from [14-16].)

large dispersion, which is primarily due to the Pb?>" ion. Oxide glasses that
contain ions with similar electron structure, i.e. a large and easily polarizable
outer electron shell, might also have large Verdet constants [9]. These ions are:
TI*, Sn?*, Pb?**, Sb>*, Bi** and Te**. For instance, an 82T1,0 : 18510, (wt%)
glass showed a Verdet constant of roughly twice that of SF optical glass. At the
other extreme, chalcogenide glasses have very high dispersion and correspond-
ing large Verdet constants. The Verdet constants of various glasses are sum-
marized in Table 5.1.

In some applications the temperature dependence of the Faraday effect of the
material may also be significant. The temperature dependence of the Verdet
constant of diamagnetic glass is very small except for the contribution from the
thermal expansion of the glass. The Verdet constant of diamagnetic glass FR2
was in fact not affected by the temperature change from 12 to 90 °C [21].
Measured values of (dV/dT)(1/V) for optical glass SF57 [22] and As,S; fiber
[19] were approximately 10~*/K and 1072 /K respectively.

5.3.2 Paramagnetic glasses

Paramagnetic glasses that contain rare-earth ions in high concentrations have
been extensively investigated [9, 23—30] because some of these glasses have
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exceptionally large Verdet constants and also have large regions of transpar-
ency in the spectral region of interest. Of course, the magnitudes of Verdet
constants vary depending upon the choice of the paramagnetic ion.

Converting frequency to wavelength with A =¢/v and 1, = ¢/v,, and
assuming that all the resonant wavelengths 4, are grouped quite close to the
effective transition wavelength A, Eq. (5.26) can be written in the simplified
form [23-25]

V(A) = (4/T)(Nnge/ ){Ci/ {1 = (32 /2D)}} (5.29)
where A4 is a parameter independent of wavelength. The wavelength A4,
represents a weight average of the actual transition wavelengths which contains
the effects of all contributing transitions. This equation means that the Verdet
constant is a function of various parameters: the effective number of Bohr
magnetons ., the effective transition wavelength, the effective transition
probability C,, all of which depend on the choice of rare earth ions and rarely
on the host glass matrix, and in addition, on the temperature 7 and concentra-
tion V.

Attempts have been made to correlate the Verdet constants of the rare-earth
phosphate and borate glasses with the parameter n2;/ g arising from Eq. (5.29)
[9, 23, 24]. Figure 5.3 shows a plot of the Verdet constant as a function of

-25¢
£
g -20 - 100
o
£
?
Q -
g -5
Q
= =
= 10 1 50 %
o =
= o
8§ -5
72}
[
Q
(5]
3 0 —f-———---——--=-0c--4 o0
9]
>

1 i 1 i 1 1 1 L A 1 1

Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb

Fig. 5.3. Comparison of V (4 =600nm) with n%;/g for various trivalent rare-earth ions.
[Reprinted from S. B. Berger, C. B. Rubinstein, C. R. Kurkjian and A. W. Treptow, Phys. Rev.
133 (1964) A723, copyright (1964) with permission from The American Physical Society.]
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atomic number, which may be compared with the quantity n%;/g for each of
the rare earth (III) ions in the phosphate glasses [23]. The agreement in shape
between Verdet constant and n2;/g is satisfactory. Among the trivalent ions,
Tb**, Dy** and Ce*" give rise to a large Verdet constant. Moreover, these ions
also have large regions of transparency in the visible and near infrared spectral
region.

The Verdet constant is approximately linear with concentration of paramag-
netic ions. High rare-earth containing glasses should, therefore, yield a large
Verdet constant. However, the concentration of rare-earth ions that can be
added to a glass is limited by its glass-forming properties. Many attempts were
made subsequently between 1960 and 1970 to increase rare-earth ions in
various glass systems such as phosphate [9, 23, 27], borate [9, 24], silicate [9],
aluminoborate [25, 26], alumino-silicate [28, 29] and fluorophosphate [30].
Figure 5.4 shows the typical examples of the glass formation region in the

Ce,0, EuO
(a) (b)
AlLO, v B,O, ALO, v B,O,
(mol%) {mol%)
TbF, 75Si0,
(c) @ Tb,0,:25 mol%
RF 75A1,0, 75B,0
v P.0; (mol%) o

(2BaF,:2MgF,:NaF)  (mol%)

Fig. 5.4. Typical examples of glass formation regions in the systems containing large amounts
of rare-earth ions (mol%). (a) Ce,O3-aluminoborate (b) EuO-aluminoborate (c) TbF;-fluoropho-
sphate (d) Tb,O3-aluminoborosilicate. [(b) reprinted from M. W. Shafer and J. C. Suits, J Am.
Ceram. Soc. 49 (1966) 261, with permission of The American Ceramic Society, Post Office Box
6136, Westerville, Ohio 43086-6136, copyright (1966) by The American Ceramic Society. All
rights reserved.]



5.3 Faraday effect in glasses 255

system containing large amounts of rare-earth ions. Table 5.2 summarizes the
Verdet constant of paramagnetic glasses containing various rare-earth ions.
Using the data in this table, the Verdet constant as a function of rare-earth
concentration is plotted in Fig. 5.5.

Since the Verdet constants of diamagnetic ions and paramagnetic ions have
opposite signs, the glass-forming system itself for paramagnetic glasses should
be those having low dispersion, i.e. small diamagnetic Verdet constant, and be
capable of incorporating large quantities of rare-earth ions.

The other parameters such as transition probability C; and effective transi-
tion wavelength A also depend upon rare-earth ions and the glass composition,

il A
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Fig. 5.5. Verdet constant as a function of Tb>* concentration.
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260 Magneto-optical glass

i.e. the ligand field around the rare-earth ions. From the relationship of Eq.
(5.29), a plot of (1/V) versus A should yield a straight line for the paramag-
netic Verdet constant. Figure 5.6 shows the relationship between V! and A2
for typical glasses. The values of C; and 4, can be obtained from its slope and
the intercept of the horizontal axis, respectively. The values of N, Ci,
gJ(J + 1) and A for typical rare-earth ions in various host glasses are listed in
Table 5.3.

The effective transition wavelength, A, has been identified as arising from
the permitted electron-dipole transition of the 4f electron to the 5d shell [9, 23,
24]. Of the rare-earth ions, Ce*" and Eu?' have a relatively large Verdet
constant due to their large effective transition wavelength [9, 23—25]. However,
Ce’t and Eu?* have the stable 4+ and 3+ state of valency, respectively. A
reducing melting condition is required [25, 26] to keep the state of lower
valency even in the phosphate glasses. Cerium oxalate (Ce,(C,04)3) rather
than cerium oxide CeO, is preferably used as the raw material. In contrast, the
large Verdet constant of Tb** is primarily due to a large J value.

The effective transition wavelength of, for instance, a Tb’" ion in the
fluorides [42, 49] is significantly smaller than those observed in comparable
Tb**-oxide glasses. This difference may be attributed to the higher energy of

210 -
O Ce3"-phosphate

® Tb3*-aluminosilicate(FR5)
.gl © Eu?’-aluminoborate

-6}
£
£
Q
S -4t
3

-2+

0 1 1 1 ! |
0 0.1 0.2 0.3 0.4 0.5

22 (um?)

Fig. 5.6. Relationship between ¥ ~! and A? for typical glasses. (Data from [15, 23, 25].)
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Table 5.4. Temperature dependence of Verdet constant of paramagnetic glasses

V/T)
Concentration (A = 632.8 nm)

Rare-earth ion (10%° jons/cm?) (min-K/Oe-cm) Ref.
(Silicate)

Pr 38.0 27 12

Nd 37.2 10 12

Tb 39.0 27 12

Dy 34.6 35 12

Ho 35.0 15.5 12
(Borate)

Pr 92.0 83 12

Nd 94.2 36 12
(Borosilicate)

Tb 78 75.3 37
(Aluminosilicate)

Tb 88 90 39

the 5d orbital and a small splitting of 5d levels of Tb** ions in fluoride glasses
[49]. The value of A; for Tb>* ion is larger in borate glasses [43] than in the
other oxide glasses. The value of A; is much larger in sulfide glasses but the
effect of the diamagnetism of the glass system on the Verdet constant is not
negligible in this glass system [48].

Equations (5.26) or (5.29) show that the paramagnetic Verdet constant also
increases with the reciprocal of absolute temperature in K. Table 5.4 sum-
marizes the variation of ¥ with 1/T for the rare-earth ions reported in the
literature [12, 37, 39]. At room temperature, the peak angle of rotation
increases linearly with magnetic field [38] up to 60 kOe according to Eq.
(5.20). At low temperature, however, the magnetic field dependence of the
Faraday rotation exhibits an unusual nonmonotonic behavior and has a satura-
tion value [37]. This is expected from the theoretical treatment since the
Faraday rotation is linearly dependent on both the magnetization and the
applied magnetic field.

5.3.3 Applications

5.3.3.1 Optical isolator (paramagnetic glasses)
An optical isolator is a unidirectional light gate, which can prevent back
reflection of light into lasers or optical amplifiers and reduce signal instability
and noise [18]. In the high-power laser fusion experiments, for instance, laser
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materials or optical components must be protected from back-scattered light
[32, 51]. In optical communication systems, optical isolators are required to
stabilize the oscillation of laser diodes [52, 53].

A schematic diagram of the optical isolator is shown in Fig. 5.7. A Faraday
rotation material is placed between two polarizers (input and output) oriented
at 45° with each other and a magnetic field is applied to rotate the plane of
polarization of light traversing the glass by 45°. Forward-going light is linearly
polarized at the input polarizer, rotated 45° on passage through the glass and
transmitted by the output polarizer. Back-reflected light is linearly polarized at
the output polarizer; however, it undergoes an additional 45° rotation during its
passage through the glass and is rejected by the input polarizer.

Compact size and production of a large Faraday rotation angle with little
power consumption of the magnetic system are the most desirable features of
Faraday isolators. The Verdet constant of the material should be as large as
possible to reduce L and the absorption. A good Faraday rotator material also
includes low absorption at the laser wavelength, low birefringence and high
homogeneity. Miniaturized isolators have been proposed using a new config-
uration for a fiber isolator consisting of micropolarizers and Tb**-doped fiber
rotators [54].

Laser

beam

Direction of polarization _t /
A \i‘ R

Output
polarizer

\ A{

eflected
laser beam

Laser
beam

Magnetic field, H

polarizer

Fig. 5.7. Principle of optical isolator using Faraday effect.
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5.3.3.2 Current sensor (diamagnetic glasses)

Current sensors utilizing the Faraday effect have attractive features such as
small size, immunity to noise, a wide dynamic range and high speed response
[55, 56]. If a Faraday sensor element in the fiber form is possible, further
simple and compact current measurement systems can be developed [57-59].

A current sensor consists of a glass fiber coil turning around an electric
power cable. Linearly polarized laser light emitted from a polarization-main-
taining fiber is inserted into a polarizer whose azimuth is coincident with the
axis of the polarized light. After passing through a half waveplate, the light
from the polarizer is focused and launched into the glass fiber coil (for instance
2.5 turns, diameter 8 cm). The light is given a rotation of the polarization plane
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 by an analyzer made of polarization beam splitter, and the rotation of
the polarization angle is converted into intensities of light.

These applications require temperature insensitivity over a broad tempera-
ture range. Diamagnetic glasses in bulk and fiber form are commonly chosen
for the sensing element with high stability, because their temperature depen-
dence is much less than that of paramagnetic materials. Another significant
problem arising in fiber-sensing applications is the photoelastic effect induced
by bending [57, 60], which usually disturbs the polarization of light in the
sensing fiber, i.e. any Faraday rotation. To solve this problem, a single mode
fiber is made from special flint glass with no photoelastic effect [59]. By
selecting flint glass compositions, its photoelastic constant can be minimized in
principle [61, 62].
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