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Summary. — Rare-earth elements are of interest in several high-tech and envi-
ronmental application areas, the two major ones concerning magnetic and optical
devices. In the latter field, one can exploit the unique photoluminescence properties
of rare-earth ions to develop novel or advanced lasers and optical amplifiers. Glasses
have been known for a long time as a convenient host for rare earths and have been
widely used for the fabrication of solid-state lasers. Recently, guided-wave format
has added several advantages, namely the small size, the high pump power density,
and the larger flexibility in design and fabrication. Thus, in the last few years, due
to the great development of optical communications, an increasing research and de-
velopment activity has been focused on the design and manufacture of fibre optic
and integrated optic lasers and amplifiers, especially of those based on Er®*-doped
glasses. The aim of the present paper is to highlight the application of the spectro-
scopic techniques to the characterization of rare-earth—doped glasses and to present
a brief overview of the efforts and progresses made in the area of micro-optic and
integrated-optic lasers and amplifiers. A brief summary of the fundamentals of the
photoluminescence properties and of the measurements techniques is also provided.
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1. — Introduction

Photoluminescence (PL) is the emission of light from a material under optical exci-
tation. It is one of the kinds of the more general phenomenon of luminescence, namely
the emission of optical radiation resulting from various types of excitation: chemical or
biochemical changes, electrical energy, subatomic motions, reactions in crystals, or stim-
ulation of an atomic system. Accordingly, one can speak about bio-, chemi-, electro-,
thermo-, radio-luminescence, and so on.

When light of sufficient energy is incident on a material, photons are absorbed and
electronic excitations are created. Eventually, the electrons return to the ground state:
if this relaxation is radiative, the emitted light is the photoluminescence signal. The
intensity of this signal gives a measure of the relative rates of radiative and nonradiative
recombinations.

Often one can also refer to fluorescence or phosphorence: the latter is a type of lu-
minescence that occurs naturally in many minerals and metallic compounds, in some
organic compounds, and in some living organisms such as marine fauna and insects (the
most familiar one being the firefly, whose light flashes are produced by biochemilumines-
cence). Phosphorescence is distinguished from fluorescence for two main reasons: a) in
phosphorence there is a longer time period between the excitation and the emission of
light; b) phosphorescence may continue for some time (even hours) after the exciting
source has been removed, while fluorescence ceases when excitation is off.

Photoluminescence effects have been observed for thousands of years; the oldest known
written observations on bioluminescent phenomena in nature were made in China, dating
roughly from 1500 to 1000 B.C. regarding fireflies and glow-worms. Only during the 16th
and 17th centuries, in Europe, the first efforts were made to understand and apply such
phenomena. Indeed, the first object of scientific study of luminescent phenomena was
a natural stone, subsequently referred to as the “Bolognian Phosphorus” or “Bolognian
Stone” or “Litheophosphorus”, which had been discovered in 1602 on Monte Paderno,
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Fig. 1. — Position of the rare-earth elements in the periodic table of elements.

just outside of Bologna, Italy, by Vincenzo Casciarolo, an amateur alchemist [1]. The
beginning of luminescence science, however, can be dated to 1852, when George Stokes
interpreted the light-emitting phenomenon and formulated the law (the Stokes Law or
the Stokes Shift) that the fluorescent light is of longer wavelength than the exciting
light [2]. It was Stokes who coined, in 1853, the term “fluorescence” from fluorspar
(calcium fluoride), the name of the mineral where he first noticed the phenomenon, and
the ending -escence analogous to opalescence, phosphorescence, etc.

Nowadays, photoluminescence is mostly exploited for materials’ characterization: from
the analysis of the PL signal one can derive much information on the emitting material,
and PL may be particularly useful in surface diagnostic, because the phenomenon often
originates from the surface layers of the material. A noticeable advantage of PL analysis
is that it is a simple, versatile, and non-destructive technique. Obviously, PL depends
much on the nature of the optical excitation, as the excitation energy selects the initial
photoexcited state and governs the penetration depth of the incident light.

Among the materials that can be usefully investigated by using PL techniques, an
important class is that of rare-earth—doped glasses. Their impact is mostly related to
the development of optical communications and to the recent request of increasing the
bandwidth capacity of optical fibre systems.

The rare-earth elements (REEs) form the largest chemically coherent group in the
periodic table (fig. 1); though generally not so well known, because of their specificity,
REEs have many high-tech and environmental applications. Europium, for instance, is
used as the red phosphor in colour cathode-ray tubes and liquid-crystal displays. Alloys
containing one REE (such as Nd, Sm, Gd, Dy, Pr) have revolutionized the permanent
magnet technology. Forefront research is now looking at the properties of the unique
magnetic-martensitic phase transformation in R5T4 materials (where R is Gd and other
rare earths and T, for instance, is Si, Ge, or Sn) in order to understand the underlying
electronic structure and the microscopic interactions bringing extremely strong coupling
of the magnetic moments with the lattice [3]. A better understanding of this phase trans-
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Fig. 2. — Transmission curve in the near-infrared region of a typical single-mode fibre for optical
communication systems.

formation and other basic phenomena may lead to the development of novel material sys-
tems exhibiting extremely large magnetocaloric, magnetostrictive, and magnetoresistance
responses to small changes of magnetic field, temperature, and pressure. Even environ-
mental applications of REEs have grown significantly over the past decades. REEs, for
instance, are essential constituents of automotive catalytic converters. Widespread use of
new energy-efficient fluorescent lamps (using Y, La, Ce, Eu, Gd, and Th) may alleviate
energy consumption. Large-scale application of magnetic-refrigeration technology, based
on a “giant magnetocaloric effect” near room temperature exhibited by the Gds(SiaGes)
alloy, also could significantly reduce energy consumption and COy emissions.

Coming to the field of optics, cerium, the most abundant and least expensive element
in the group, is very much appreciated as polishing agent for glass. Neodymium is very
well known as the active dopant of glass or YAG (yttrium aluminium garnet) for solid-
state lasers. The most popular application of REEs over the last decades, however, has
been that of the development of fibre and integrated-optics lasers and amplifiers [4, 5].

Erbium (alone or together with ytterbium) in glass or other dielectric materials (such
as lithium niobate) has become one of the key materials in photonic systems. Its relevance
is due to two factors: i) the optical amplifier (OA) is a key enabling technology to achieve
the high-speed and high-volume transmission required in current optical transmission
systems [4-6]; and ii) the photoluminescence peak of Er is at a wavelength around 1.5 pm,
just inside the so-called third window of fibre communication systems. The broadness
of the amplification band is of particular concern nowadays; let us refer to fig. 2, which
shows the typical transmission curve of a single-mode commercial silica fibre for optical
communications. The low-loss window (if we choose the 0.3dB/km threshold) is over
200nm wide (=~ 25THz); by exploiting this entire band it would be easy to achieve
multi-Th/s transmission. In fact, by using a 0.4nm (or &~ 50 GHz) channel spacing—
as is done currently in DWDM (dense wavelength division multiplexing) systems—one
could allocate 500 communication channels, each one with a transmission speed over
10 Gb/s, thus making system bit rates over 5 Th/s possible. Not only erbium, however, is
important for communication systems; for instance, the first 10 Th/s WDM transmission
in single fibre was demonstrated in 2001 by using a gain-shifted thulium-doped fibre
amplifier in a system using 273 50-GHz-spaced channels, each with 40 Gb/s capacity [7].
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This paper is intended to serve both as an introduction to the field of photolumi-
nescence techniques applied to rare-earth—doped glasses and as a review of recent works
aiming, on the one hand, at the characterization of novel glasses and, on another hand,
at the development of integrated optical devices exploiting such properties. By necessity,
this review is not exhaustive, and we have only attempted to offer the non-specialized
reader a brief overview of the ongoing activities and of the problems to be faced in this
field.

2. — Rare-earth—doped glasses

Oxide glasses are well known as excellent hosts for rare-earth ions: one of the first
solid-state lasers was demonstrated in 1961 in Nd3*-doped glass [8]. Lasing in a Nd3*-
doped multi-component glass fibre was reported three years later [9]. The same material
structure was exploited to demonstrate the first thin-film waveguide glass amplifier, in
1972 [10], and the first integrated optical glass laser, in 1974 [11]. The interest for Er3*-
doped glasses arose quite later, in the late 1980s, when the main operational wavelength
for optical-fibre communication systems shifted towards the 1.5 um band [12]. Since
then, many remarkable results in the development of more efficient glass matrices and
in the actual fabrication of rare-earth-doped (RED) glass integrated optical amplifiers
have been achieved.

RE (lanthanide) ions are characterized by [Xe].4f12.6s% electronic configuration; all
of them have the same outer-shell configuration, namely 5s25p®6s2. The most stable
ionisation state is the trivalent one, with the 5s and 5p electrons remaining untouched
and acting to screen the energy levels of the 4 f electrons from the effect of the surrounding
environment. The transition probabilities between 4f states, however, are sensitive to
the ions surrounding the rare earth, and the design of a proper RED glass involves the
study of a number of spectroscopic parameters. The Judd-Ofelt theory [13,14] is usually
adopted to calculate, by assuming certain approximations, transition probabilities from
the data of absorption cross-sections of several f-f transitions. According to this theory,
the strength of an f-f transition may be expressed by the sum of the products of three
intensity parameters €; (i = 2, 4, 6) times the squared matrix elements U(i) between
the initial J-states and the terminal J’ state. Once the phenomenological parameters §2;
have been calculated, it is possible to derive the strength of any absorption or emission
transition, as well as the stimulated emission cross-section, the fluorescence branching
ratio from level J to J’, and the radiative lifetime of an excited level. Radiative lifetime,
however, may be calculated even in a simpler way, by using Einstein relation for the
transition probability between absorption and emission coefficients; this issue will be
treated in more detail in the following section. The energy levels of the RE ions are
shown in fig. 3.

One of the major limits to the quantum efficiency 7 of a given transition in a RE
ion in a glass, defined as the ratio between the measured fluorescence lifetime 7,005 and
the radiative lifetime 7,,q of the excited state, is constituted by nonradiative relaxations,
that in turn may be classified as a) multiphonon relaxations; b) cross relaxations; and
¢) cooperative upconversion processes. Phonon relaxations correspond to the collisional
decay of an excited energy level, due to the crystalline lattice vibrations or, in other words,
to the rapid short-range movement of the closely spaced atoms. Multiphonon relaxations
between two energy states occur by the simultaneous emission of several phonons that are
sufficient to conserve the energy of the transition. Table I reports typical phonon energies
of different glass matrices; the probability of multiphonon relaxation may be assessed by
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Fig. 3. — Energy levels of trivalent rare-earth ions. Electronic energies were determined on the
basis of published data [100].

using a simple energy gap model [15]. The multiphonon decay rates as a function of
energy gap to the next lower level have been measured experimentally for silicate glasses
doped with Nd3*, Er3*, Pr3t and Tm?3*; it was found that an approximately exponential
dependence holds, independently of the RE ion or electronic level [16].

Cross relaxations and cooperative upconversion processes, on the other hand, lead
to fluorescence quenching, i.e. to the decrease of fluorescence intensity when the RE
concentration is increased. One has to consider, in fact, that, with increasing concen-
tration of RE ions, the ion spacing decreases and may be small enough to allow them

TABLE 1. — Mazimum phonon energy of various glass matrices.

Glass Phonon energy

(cm™1)
Borate ~ 1400

Phosphate 1100-1200
Silicate ~ 1100
Germanate ~ 900
Tellurite ~ 700
Fluorozirconate ~ 500

Sulfide (Ga, La) ~ 450
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to interact and transfer energy. Cross relaxation may occur between RE ions of the
same type if they have two pairs of energy levels characterized by the same energy gap
AE. An excited ion A (donor) transfers half of its energy to a ground-state ion B (ac-
ceptor), so that both ions move to a same intermediate level, from which they decay
non-radiatively to the ground level. It appears that this kind of dissipative phenomenon
is the major responsible of concentration quenching of Nd3* through the energy trans-
fers Na**(*F;35 | *I15/2) = Nd*" (*Fy/o 1 *I15/2); subsequent relaxation from *Iy5,,
to 4Fy /2 occurs via phonons. Co-operative up-conversion process occurs between two
excited ions A and B: A gives its energy to B, so that A relaxes to ground state, while
B goes to a higher energy level. From this higher level B can relax either emitting a
photon with higher energy (i.e. higher frequency and lower wavelength) than the excit-
ing photon—it is this case which gave the “up-conversion” label to the process—or via
phonons and a lower-energy photon. In any case, at least one exciting photon is lost for
the amplifying process, and fluorescence quenching in Er®* may be primarily attributed
to this process.

The interested reader is referred for further details to the many precious books pub-
lished on the physics of glass lasers [5,17-21].

3. — Spectroscopic techniques for optical materials assessment

The aim of this section is to recollect some basics concerning the use of spectroscopic
techniques such as absorption, luminescence, Raman and Brillouin spectroscopy for the
study of optical materials. Particular attention is being paid to their application to thin
films and planar waveguides activated by various optically active elements, in particular
rare-earth ions; some interesting aspects related to massive systems will be discussed
as well. The interest of absorption and luminescence spectroscopy is obvious in pho-
tonics. These two techniques, in particular, allow one to determine the spectroscopic
properties of the optical species imbedded in a matrix [22-24]. The spectroscopic and
optical techniques are currently used for optimization and pre-competitive fabrication
of innovative devices. The fundamentals of optical spectroscopy, both theoretical and
experimental, can be found in several textbooks and scientific papers, e.g., in [22-27] and
references therein. The spectroscopic properties, namely emission quantum efficiency,
lifetime of the excited electronic states, dynamical processes, etc., of systems activated
by luminescent ions are investigated by luminescence spectroscopy. The typical experi-
mental configuration used to study the spectroscopic properties of a planar waveguide is
shown in fig. 4. This set-up is practically the same one used in m-line spectroscopy, where
the light is injected into the film by prism coupling [28,29]. This configuration allows
an appreciable increase of contrast, as well as selectivity of both mode and polarization.
Detailed discussions about the waveguiding geometry are reported in several books and
review articles [30-32].

3'1. Absorption measurements. — Absorption spectra are fundamental to determine
the factors governing several properties of optical materials, such as losses, absorption
cross-sections and refractive index. The simplest schema is to measure the decrease of
the optical intensity of the beam travelling the material as a function of the wavelength .
In the linear behaviour, the absorption coefficient « for a sample of thickness L is given
by the Lambert-Beers law:

(3.1.1) I(\) = Ip(X\) exp[—a(N) L],
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Fig. 4. — Experimental set-up used for luminescence measurements in waveguide configuration.
The laser light is injected into the guide by prism coupling, as in the typical arrangement used
for m-line spectroscopy: slits (S); grating (G); lens (L); mirror (M); beam splitter (BS); reference
diode (D). Adapted from [77].

where I is the intensity measured after an optical path length L, and I, is the intensity
incident on the sample. Because L has the dimension of a length (L), the absorption
coefficient o has dimension L' and it is usually measured in cm~'. The absorption

coefficient is related to the imaginary part of the refractive index n;(\) by
(3.1.2) a(N) = —n;(N).

In the discussion of the absorption spectra, other quantities are currently used:

Transmission:
I(A)
3.1.3 T\ = .
(3.1 N =15
Optical density or absorbance:
(3.1.4) OD(\) = —log(T(\)) or T()\) =1079P™,

Extinction coefficient:

(3.1.5) e(\) = =- :
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where C is the concentration measured in moll~!. The units of the extinction coefficient
or molar absorptivity are mol~!lcm™!.

Absorption cross-section:
(3.1.6) o(A) = —=

where N is the density of the absorbing centres given in cm ™3 unit. The absorption cross-
section quantifies the ability of an ion to absorb light and is one of the most common
values used in photonics for sample characterization. The amount of power absorbed by
an ion when light is incident upon it at wavelength A is given by

(3.1.7) P\ = o(MI(N),

where I is the intensity of the light incident upon the ion, given in Watt cm~2. The
dimension of ¢ is that of an area. The cross-section can be thought of as a sort of target
area that can intercept a light flux by catching the photons that flow through it.

The extinction coeflicient and the cross-section are related by

Na

~.0(\)-2.6154-10%,

where N = 6.0221367 1022 mol~! is Avogadro’s number.
The absorption coefficient can be measured in dBcm™! by the equation

(3.1.9) I(\) = Ip(A)107 T F,

where « is the attenuation coefficient expressed in dB cm~!. Comparing the expressions
used for v (dBem™!) and o (cm™1), it results that the two values are related by

(3.1.10) v = 4.343 a.

An exhaustive presentation of the optical theory applied to infrared absorption spec-
troscopy is reported in [33].

3'1.1. Absorption spectroscopy for OH™ content assessment. Let us now refer to some
applications where absorption, transmission and reflectance spectra play an important
role in characterization of materials. Absorption spectroscopy is largely employed in
chemical sensing, often in conjunction with optical fibres or planar waveguides [34-37]. An
important example, where infrared absorption measurements can give useful information
on optical materials, concerns the estimation of OH™ content in rare-earth—activated
glasses. The O-H stretching vibration affects the fluorescence decay of Er®* ions at 1.5 um
because two O-H vibrations are enough to bridge the gap of about 6500 cm™"! between
the ground state, 4115/2, and the first excited state, 4113/2, of the Er3* ion [22,38-41].
The consequence of the presence of residual OH™ species in the material is a strong
reduction of the quantum efficiency of the 4I;5 /2 level. Although the presence of OH™
group is the main determinant of the performance of sol-gel-based devices, because it is
intrinsic to the sol-gel processing, the detrimental non-radiative relaxation channel due
to vibrations of OH™ groups is effective also in melt-derived glasses.
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Fig. 5. - Room temperature FTIR absorption spectrum of a Er®*-activated silicate glass (77.29
Si02: 11.86 K2O: 10.37 PbO: 0.48 SboO3) in the IR region [42].

Figure 5 shows the absorption spectrum of a glass produced at Cristallerie Bac-
carat by a conventional melt-quenching technique with the following molar composi-
tion: 77.29 SiOg: 11.86 KoO: 10.37 PbO: 0.48 SboO3 and activated by Er®* ions [42].
The spectrum shows the multiphonon tail of the absorption edge, which partially over-
laps the wide band (3000-3700cm~1!) assigned to the presence of hydroxyl groups in
the glass matrix, centred at about 3570 cm™! [43,44]. The amplitude of this funda-
mental OH™ stretching band allows the estimation of the OH™ concentration by the
Beer-Lambert law C = (a x 0.434)(1/¢), where C is the concentration of the bonded
species whose vibrations induce the IR light absorption, « is the absorption coefficient
and € is the extinction coefficient. A rough estimation of water content is obtained as-
suming that the value of the extinction coefficient is comparable to what it is found
for aluminosilicate glasses (€3520 nm = 40 lglass/molow CMglass) [43] and andesitic glasses
(€3570nm = 70 £ 0.7 lgiags/molon Cglass) [44,45]. Taking a value of the extinction co-
efficient 3570 nm ~ 70 lglass/molon cMglass and @ ~ 1em™!, the resulting Cop concen-
tration is as low as 6 x 1078 molcm ™2, which corresponds to an OH™ content of about
3.6 x 10'¥ cm 3.

Another well-established procedure to determine the hydroxyl content is the so-called
“baseline absorbance method”, developed by Heigl et al. at Esso Laboratories in 1947 for
the analysis of hydrocarbon mixtures [46]. The intensity of absorption of the individual
peaks associated with the specific chemical species, which are chosen in order to minimize
the interference between two or more compounds, is expressed as “base-line” optical
density. This is calculated from the equation ODp,se = —log ﬁ, where ODgyge i8S
the base line optical density, I is the absorption intensity measured as the distance from
the zero line to the selected absorption peak, and Ig,se is the distance from zero line
to a straight line, the base line, joining two spectral points located on either side of the
absorption peak. This equation is a modification of eq. (3.1.4), by the substitution of
IBase, the zero to base-line distance, for Iy, the incident light intensity. The base-line
points are selected after the most favourable analytical peaks have been determined, and
in the standard absorption spectra the base line is drawn parallel to the background.
The method was applied first by Pope and Mackenzie to determine the hydroxyl content
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of densified Nd3*-activated silica glass prepared by the sol-gel route [47]. Taking into
account the OH™ transmission at 2.6 um (7},) and 2.7 um (7},), respectively, the relation
[OH](ppm) = (1000/d) log(T,/Ty) allowed the estimation of the OH™ content in a sample
with a thickness d [46,47].

Both the two methods described above are based on the proportionality between
concentration and absorption peak; they can be applied to a wide variety of samples,
and permit a satisfactory accuracy. A detailed discussion concerning the infrared spec-
troscopy study of water-related species in silica glasses can be found in [48,49], and a
phenomenological model for the OH™ absorption effect to the attenuation coefficient in
telecommunication fibres is reported in [50].

3'2. Luminescence measurements. — In material systems activated by cromophores
ions, the spectroscopic properties, such as emission quantum efficiency, lifetime of the
excited electronic states, and dynamical processes such as non-radiative relaxation mech-
anism, upconversion and cooperative processes [51], may be well investigated by lumi-
nescence spectroscopy.

Rare-earth—doped glasses are used in a large number of optical devices because of
the large number of absorption and emission bands available using the various rare-earth
elements [52,53]. As an example, the variation in the green intensity ratio between the
?Hyy /5 and %S3/5 energy levels to the ground state of Er®t ions has been used as the
measure parameter in temperature sensors [54,55].

Many papers reporting the enhancement of luminescence properties as a function of
physical and chemical properties of rare-earth—activated glasses and crystals, or present-
ing some potential application as optical sensors, describe the luminescence spectroscopy
as a suitable tool for quantitative characterization. In general, it is correct to state
that the luminescence intensity of an indicator is dependent on the concentration of the
respective chemical species or on the variation of the physical and chemical properties
of the system [52,56-58]. The disadvantage of intensity-based luminescence techniques,
however, is that they suffer from variations in the intensity of the light sources, in the
sensitivity of the detector, and in variation of the intensity of refractivity. A possibility
of overcoming these problems is to use complementary results obtained by measuring the
luminescence decay time of indicator cromophores and by the time-resolved fluorescence
spectroscopy [23,24,59]. In the usual description of the photoluminescence process the
intensity, I;;, of an emission transition ¢ — j is proportional to the spontaneous emis-
sion probability, A;;, of the transition and the population density of the excited state,
N;: Ii; = A;jN;. The normalization to the total concentration Nt of optically active
ions, gives I;;/Nt ~ Aj;jn;, where n; = N;/Np. The relative population, n;, can be
determined from rate equations of the specific investigated system. This requires the
consideration of the processes involved in the population and relaxation of the energy
levels of the luminescent ions [23,24]. In practical situations, the fluorescence experiments
are performed under continuous or pulsed excitation. In the first case the system is con-
sidered in equilibrium, i.e. dn;/dt = 0. By recording the fluorescence signal at a certain
frequency, while varying the frequency of the exciting radiation, the so-called excitation
spectrum is obtained. Such a spectrum can be correlated to the absorption spectrum
of the system. The excitation spectrum is identical to the absorption spectrum if the
ion decays rapidly from any higher excited state to the emitting state, which is known
as Kasha’s rule [60]. If the excitation spectrum shows deviation from the absorption
spectrum, the measure is an indication of inhomogeneity of the spectral behaviour.
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Measurements of the excitation spectrum are important in multisite systems, and can
uncover the bands responsible for the energy storage and subsequent emission of the
radiative energy. Important information has been obtained from excitation spectra in
nanocomposite materials [58] and multicomponent glasses [61]. Under pulsed excitation,
interesting information about the relaxation mechanisms can be obtained. In particular,
the fluorescence decay time or lifetime of the emitting state can be determined. The
intensity I(t) of luminescence, resulting from exciting light whose intensity K (¢) varies
with time ¢ in an arbitrary way can be expressed by a Duhamel integral

(3.2.1) I(t) = /OOO K(t —t)o(tdt,

where ¢(t) is the decay function for pulsed excitation. This is generally valid under the
condition that the number of excited molecules is small enough compared with the total
number of molecules in the system and that the system does not undergo a permanent
change such as photochemical reaction. For the particular case of a steady-state excita-
tion turned off at t =0, K(¢t) = 1 for t < 0 and K(t) = 0 for ¢ > 0 in eq. (3.2.1), and the
intensity of luminescence at a later time ¢ is given by: I(t) = [ ¢(t')d¢’.

Two kinds of decay times can be considered. One is the mean duration of luminescence

defined by 7, = %. The other is the 1/e decay time 7., or the time interval after
which the intensitoy of luminescence has decreased by a factor of e from its value at
t = 0. Thus, 7. is defined as the root of the equation ¢(7.) = ¢(0)/e. Of course, if the
decay function is purely exponential, ¢(t) = ¢(0) exp[—%] and T = 7, = T.. Integration
of eq. (3.2.1) with respect to ¢ gives [*_I(t) = [;* ¢(t)dt [ K(t)dt. The physical
meaning of this relation is that the total luminescence energy emitted in a sufficiently
long time interval is proportional to the total energy of the exciting light in the same
interval, and the proportional constant fooo @(t)dt corresponds to the luminescence yield

of the observed state.

The correct definition for the quantum yield ® of a luminescent system is the ratio
of the spontaneous emitted photons per unit time N, divided by the total number
of absorbed photons N,us per unit time, ® = Ngy/Naps. The absolute measurement
of the quantum yield is very difficult because of the geometry of the emission and the
presence of re-absorption. It is usually measured in comparison with samples with known
quantum yields or by using an integrating sphere. From eq. (3.1.7) the number N,ps
of absorbed photons of energy nw is given by Nups = NT% = NTaabs(w)niw. By
considering negligible the temperature dependence of the absorption cross-section [26,27]
Nem = Naps T““Tj‘“. Therefore, the quantum efficiency of a luminescent state characterized
by a radiative lifetime 7, and an experimentally measured lifetime Tyeas iS given by
P = Tmeas/Tr-

In general, the fluorescence decay function ¢(¢) is not exponential, as discussed before,
due to local environment inhomogeneities. In the most general case, when the relaxation
refers to a number of locally active channels varying throughout the system, the stretched
exponential or Kohlrausch model [62,63] is used: ¢(t) = ¢(0)[exp[£]?], where 0 < 8 < 1.
In the simplest case, where the distance between the fluorophore and the interaction sites
is homogeneously distributed, the total decay function is calculated by the integration
of the differential equation that describes the time evolution of the excited state and the
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summing-up over all sites,

(3.2.2) ¢(t) = ¢(0) exp

T (z)“j |

where a is the interaction parameter between cromophore and matrix, and c is the
quenching parameter, which depends on the concentration of the chemical species to
detect. If two different components of ¢(t) can be observed, then it is possible write the
relation ¢(t) = Apa(t) + Bop(t), where A and B describe the relative amounts of the
two chemical species or local environments present in the system. It has to be noted
that the difference between the decay times corresponding to the forms A and B must
be significant, a factor 100 being a good value of reference. The non-exponential decay
function reported above has been used by Kitamura et al. [64] to describe the energy
migration among organic molecules, which were dispersed in amorphous silica glass, and
the energy trapping by the organic molecules aggregated in the glass. As mentioned
before, in particular cases where the decay curves exhibit two well-separated components
@(t), with lifetimes 71 and 7, it is possible to determine the amounts of the two kinds
of ions involved in the process. This is of particular interest in Er>*-activated glasses, in
order to have an assessment of the fraction of ions in the *I;3 /2 state that are available
for optical amplification [65]. The fluorescence decay function ¢(t) is then described by
a sum of two exponentials, ¢(t) = A; exp[ff—l] + A, exp[f%]. The number N; (i =1, 2)
of ions which will decay with the lifetime 7; is obtained by integration of the previous
equation, so that N = Ny + Ny = A7 + As7e. Using this approximation, Zampedri et
al. have shown that in (100 — )SiOs-(2)TiO2-1ErO3/, planar waveguides prepared by
the sol-gel route, for = < 12, about 65% of the Er3* ions in the 4I13/2 metastable state
decay exponentially with a lifetime of about 8 ms [65].

3'3. Raman and Brillouin scattering for optical-glasses characterization. — Raman and
Brillouin spectroscopies are powerful non-destructive tools for the structural character-
ization of materials, in particular of multicomponent glass systems. These techniques,
however, are widely used for the study of inorganic, organic and hybrid materials, both in
massive, fibre and planar waveguide format. In the case of optically guiding structures,
the exciting laser light is usually coupled to the system by butt coupling or through
a grating, or by prism coupling, as shown in fig. 4. The theoretical and experimental
background of Raman spectroscopy has been illustrated in several articles and scientific
books. A clear and exhaustive presentation, corroborated by a rich bibliography, was
given by Demtroder [25]. A recent review, concerning Raman and Brillouin spectroscopy
for study of sol-gel-derived glasses, was given by Montagna [66]. The Raman effect is an
inelastic scattering event in which a photon of energy nw; is destroyed and a scattered
photon of energy nws/as = nwipuE is created. E = |E; — Ej| is the energy of the phonon
created or destroyed in the processes necessary to move the system from the initial state
E; to the final state Ef. When the energy of the scattered photon is lower than the
energy of the incident photon, we have a normal Stokes process; if the contrary occurs,
we have an anti-Stokes process. The basic schema and the energy relations for Raman
scattering are shown in fig. 6. The application of Raman spectroscopy as both qualita-
tive and quantitative analytical detector is only limited by its inherent lack of sensitivity:
approximately 1 in 107 photons is scattered at an optical frequency different from that
of source excitation [67].
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Fig. 6. — Basic schema and energy relations for Raman scattering.
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Fig. 8. — Raman spectra of the substrate (+) and of the m = 0 (solid line), 4 (dot line), and
8 (solid line) TE modes. In the inset, the low-frequency part of the spectra. TE. labels the
spectrum obtained by the linear combination used to produce the squared electric profile of

fig. 7(c).

The combination of dielectric waveguides and Raman spectroscopy, however, leads
to a useful and sensitive method to analyse thin active layers present on top of the
waveguides. In the case of a graded-index waveguide, it is also possible to perform
Raman and luminescence depth-selective measurements [68]. Referring to this case, fig. 7
shows (a) the refractive index profile, together with (b) the profile of the squared electric
field for some transverse electric (TE) modes, in a graded-index waveguide obtained by
silver exchange on a soda-lime glass substrate. The TEy mode is confined in a layer
of about 2 um thickness, but the depth reached by the light increases with the mode
number m. The TE,, selectivity is evident in fig. 8, where the optical modes of the Raman
spectrum show a dependence on composition, and in particular on the concentration of
the diffused silver. In fact, the peak at about 1000 cm ™! shifts to lower frequencies and
increases in intensity when m decreases, i.e. when the Ag content increases. Moreover,
the low-frequency peak, which is better visible in the low-frequency region of the Raman
spectrum shown in the inset of fig. 8, shifts towards higher frequencies as m increases.
This observation is confirmed by the particular linear combination of the Raman spectra
indicated by TE., which is drawn in fig. 7(c). It shows how the linear combination
TE, of the nine modes results in a squared electric field that is maximum in the region
around 7 gm. The corresponding Raman spectrum (in the inset of fig. 8) shows that the



16 G. C. RIGHINI and M. FERRARI

INTENSITY (10° counts)

0 t 1 " 1 " 1 " 1 }
200 -100 0 100 200
RAMAN SHIFT [cm]

Fig. 9. — Room temperature VV spectrum of a silver exchanged silica waveguide, obtained by
waveguide excitation of the TEqg, mode at A = 514.5nm. Adapted from [30].

maximum of the peak is shifted towards higher frequencies. This indicates that in the
selected region around 7 pm, where the Ag concentration is quite low, small metal clusters
are present. This has been confirmed by transmission electron microscopy measurements
on similar samples: the mean-size dimension and the size dispersion decrease as the
Ag concentration decreases. The only assumption made in this analysis was that the
spectra measured for excitation in one of the TE modes were the sums of contributions
from different depths, with weights given by the local value of the squared electric field.
This should be a good assumption for the luminescence and also for Raman, which is
a coherent scattering effect, but with a coherence length in the glass on the nanometer
scale, namely, much shorter than the film thickness [68].

Waveguide Raman spectroscopy is also a powerful tool for determining the particle
size in a nanocomposite system [30]. After the first works of E. Duval et al. on spinel
nanocrystals in cordierite glasses [70], low-frequency Raman scattering from symmet-
ric and quadrupolar acoustic vibrations of the spherical clusters has become a reliable
method to determine the size of nanoparticles. In fact, the frequency of all acoustic
modes scales as the inverse of the linear dimension of the particle, which can indeed
be deduced from the peak energy in the Raman spectra. For spherical particles, the
only Raman active modes are the symmetric and quadrupolar spheroidal modes [71,72].
The two modes give polarized and depolarized Raman spectra, respectively. The surface
mode, namely the lowest frequency mode in the sequence with a given angular symmetry,
has much higher Raman activity than the inner modes.

The Raman spectrum of a free spherical particle is expected to involve the contribution
of only one discrete vibration. For silver particles, for example, the quadrupolar surface
vibration is expected to dominate the Raman spectrum, all other modes having intensity
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of few percent [72]. For a free sphere, the frequency of this mode is given by

271 Awy

(3.3.1) ws =

where vy is the mean transverse sound velocity (~ 1660 m/s for Ag), d is the diameter of
the particle, A is a constant of the order of unity (A = 0.85 for Ag). This equation can
be used to obtain the size distribution of the nanoparticles from the shape of the Raman
peak. To do this, two important effects must be considered. First, a free sphere has a
discrete set of vibrational modes, but when the sphere is embedded in an elastic medium,
the discrete set broadens into a continuum (homogeneous broadening). Second, the Ra-
man activity is strongly dependent on the size of the particles I(w, R) ~ R®* ~ w=3. In
the presence of an important size distribution (inhomogeneous broadening), the maxi-
mum of the experimental peak does not correspond to the maximum of the distribution,
but to particles with size bigger than the mean size. Both these effects produce a shift of
the peak towards lower frequencies. This gives rise to an overestimation of the particle
size if equation wy = 2w Awv/d is applied taking exactly the value of ws corresponding to
the peak. The correct mean size and the size distribution are obtained by deconvoluting
the homogeneous line shape and by considering the frequency (size) dependence of the
Raman coupling coefficient. Figure 9 shows the excited spectrum of an Ag-containing
film waveguide obtained by Ag*-Na™ ion-exchange in soda-lime glass [69]. The spectrum
was taken in VV polarization by exciting the TEy mode of the guide with about 10 mW
of the 514.5nm line of the Ar* laser. By using eq. (3.3.1) with wy = 36cm ™" (the value
of the peak energy), one would obtain d = 1.3 nm. By considering the low-frequency shift
of the peak, produced by the homogeneous and inhomogeneous broadening, a mean size
of about 1nm is estimated, with an upper limit of the broad size distribution of about
1.5nm, in good agreement with the TEM data.

The low-frequency Raman scattering technique was successfully employed in a number
of material cases, such as the study of nucleation of GasO3z nanocrystals in the K;O-
Gay03-Si04 glass system [73], oxy-fluoride ultra-transparent glass ceramics [74], silica-
tiania waveguides [75], and silicon quantum dots in glass matrix [76].

Raman spectroscopy is also very useful in structural characterization of glassy sys-
tems, because it allows one to get detailed information about the network intermingling
and densification degree. As an example, Raman spectra of xerogels show the presence
of OH™ groups, which strongly influence the matrix stability and are detrimental for the
quantum yield of rare-earth—activated glasses; several studies and detailed discussions
can be found in refs. [66,77]. Let us discuss here the analysis of the densification process
of an Ery03-SiO2 monolithic xerogel [78]. Curves (a) to (g) in fig. 10 show the VV po-
larized Raman spectra of the silica xerogels containing 0, 1000, 2000, 5000, 10000, 20000
and 40000 Er/Si ppm, respectively. In order to achieve densification, all the samples were
annealed with a thermal treatment in air at 950 °C for 120 hours with a heating rate of
0.1°C/min. Raman spectra allowed us to put in evidence that not all the xerogels ex-
hibited the same degree of densification. Three spectral regions are shown in fig. 10: (I)
anti-Stokes and Stokes low-frequency region, (II) the region between 250 and 1500 cm~!
and (III) the region between 3500 and 3800 cm~!. Figure 10(I) clearly shows the so-called
Boson peak, which is a characteristic of the glassy state and is a strong indication of com-
plete densification of the sample. In the sample containing 2000 Er/Sippm (curve (c) in
fig. 10(I)), for instance, the Boson peak is not present. The Raman spectra of fig. 10(IT)
show bands at 430, 800, 1100 and 1190 cm~!, assigned to the silica network. The band
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Fig. 10. — Room temperature Raman spectra of the 0 (a), 1000 (b), 2000 (c), 5000 (d), 10000 (e),
20000 (f) and 40000 (g) Er/Sippm doped Era03-SiO2 xerogel annealed at 950 °C for 120 h. (I)
and (III) excitation at 488 nm; (II) excitation at 458 nm [78].

at 960 cm ™! is due to the Si-OH vibration. The defects bands D1 and D2, located at
490 and 610 cm ™!, respectively, are more intense for the samples doped with 2000 and
5000 Er/Sippm than for the others samples. Finally, the Raman spectra in fig. 10(III)
show two bands centred at about 3670 and 3750 cm™!: the latter one is present only for
the 2000 and 5000 Er/Sippm doped samples. This band is assigned to the O-H stretch-
ing vibration of free silanol groups on the surface of a porous structure [79]. It is much
sharper than the bands of physical and chemical water, because the SiIOH groups at the
pore surface are only weakly perturbed by site-sensitive interactions. The broad band
centred at 3670 cm ™! is the fingerprint of OH groups in the densified silica structure [80].
In conclusion, the Raman spectra undoubtedly indicate that complete densification is
achieved after annealing at 950 °C in all samples, except in those activated by 2000 and
5000 Er/Si ppm.

As to another important diagnostic tool, namely Brillouin scattering in solids, an
exhaustive discussion is reported in ref. [81]. The Brillouin scattering results from the
interaction between incident light beam and thermally generated acoustic waves, and
can be successfully employed in determining the elastic and photo-elastic constants of
glasses.

In this application area, Shen et al. recently showed that rare-earth modifier ions
play a very important role in the structure of glasses, due to their higher coordination
number and large atomic size [82]. Looking at Brillouin scattering spectra of Eu*- and
Pr3t-doped soda alumina silicate glasses, their photo-elastic constants were determined
by comparing the relative Brillouin scattering intensity and frequencies of these glasses
with those of fused quartz. The results indicated that the glass structure becomes more
rigid, and the bonding structure becomes more ionic, when the rare-earth concentration
is increased. The authors showed that the elastic constants, Young’s modulus and bulk
modulus of Eu?t-activated glasses were higher than those of Pr3t-activated glasses.

In order to perform and analyse Brillouin scattering experiments in planar waveguide
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Fig. 11. — Wave propagation in the planar waveguide: q; and g2 are the exchanged wave vectors
of the scattered light in the zigzag paths. In TE modes, the electric field is along the y-direction,
the light propagates along the z-direction, and z is perpendicular to the plane of the waveguide
in the direction of the scattered wave. ns and ng stand for the refractive indices of the substrate

and waveguide, respectively [66].
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Fig. 12. — Brillouin spectra (dotted line) of a silica-titania thick planar waveguide obtained
by excitation in different TE,, modes and detection perpendicular to the plane of the guide.
The continuous curves (solid line) in the anti-Stokes part are the spectra calculated by using a
numerical model, which considers the spatial distribution of the modal exciting field [83].
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configuration, an ad hoc model has to be adopted [66,83-85]. The wave propagation in
a guiding film is shown in fig. 11; Brillouin scattering from acoustic vibration depends
on the exchanged ¢ vector of the scattered photon, and is a coherent process, which
involves the whole illuminated region. In a homogeneous waveguide the light propagates
along a zigzag path so that at a fixed angle of detection two values of ¢ are sampled.
Since the two ¢ values change with the mode index, Brillouin spectra present doublets at
different frequencies for different excitation modes. Under these conditions the Brillouin
scattering intensity intensity Igg is given by

2

T / R AL LA

(3.3.2) I(q1, G2, w) 2

where T' is the temperature, w = v, 1 kp, v, 7 is the longitudinal, transverse sound

velocity, l;p the wave vector of the phonons which scatter the light, and ~ is the relative
phase of the zigzag fields in the m mode of the guide. The linear dependence of Igg
on T is always present in Igg equation. The Brillouin spectrum of a glass waveguide,
however, shows four peaks in the Stokes and four in the anti-Stokes spectrum, two peaks
being due to longitudinal phonons and the other two to transverse phonons. The energy
separation between the couple of peaks increases with the mode index.

This model neglects the contribution to the scattering coming from the evanescent
field in the substrate, and considers the waveguide as a homogeneous film with constant
refractive index. A single fit parameter, i.e. the longitudinal sound velocity, is used to
calculate the m+ 1 spectra obtained by exciting the different modes of the waveguide. As
an example, fig. 12 shows the Brillouin spectrum of a silica-titania waveguide obtained by
exciting different TE modes with an argon laser at 514.5nm and collecting the diffused
light in a direction nearly perpendicular to the waveguide plane. Two longitudinal and
two transverse peaks are observed, whose splitting increases with the mode index m
(except for the m = 0 excitation, where no splitting is observed). The spectra calculated
by using a numerical model, which considers the spatial distribution of the exciting field
in the mode, are reported on the anti-Stokes spectrum of the longitudinal phonons. Using
this approach, the longitudinal sound velocity in planar waveguides was determined with
high accuracy, and it was demonstrated that waveguide Brillouin spectroscopy, coupled
with waveguide Raman spectroscopy, is a powerful tool for structural characterization of
guiding structures [83,85].

4. — Absorption and emission cross-section measurement

A widely used method for relating the absorption and emission spectra of rare-earth—
activated glasses and crystals, and in particular for Er®>* ions, is the McCumber the-
ory [86], with the procedure developed by Miniscalco and Quimby [87]. An attractive
aspect of McCumber’s theory is that its validity is based on general assumptions. One of
these, which is accepted by the scientific community, is that there is a thermal distribu-
tion of population among the individual Stark level components of each Stark manifold.
Another assumption is that the energy width of each individual Stark level is small com-
pared with kgT', where kg is the Boltzmann constant and T is the absolute temperature.
Detailed discussion about the validity of the McCumber model is reported in [88-90].
Anyway, the McCumber model has been successfully applied to the modelling of the per-
formance of traditional and innovative bulk glasses as well as of a wide variety of fibre-
and waveguide-based lasers and amplifiers.
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Fig. 13. — Diagram of the Stark manifold of the two lowest-energy levels of Er®" ion

In this section the basics of the model will be presented, and the Er3*-activated glasses
will be used as examples of absorption and emission cross-section measurements [42,91].
Figure 13 shows a representative energy level diagram for the two Stark manifolds in
an Ert-activated glass. The ground state *I;; /2 is a manifold of eight sublevels of
energy Fy;, and the 13 /2 excited state is a manifold of seven sublevels of energy Fy;.
The McCumber relation states that the absorption cross-section o, () and the emission
cross-section o, (v) between these manifolds are related by

(4.1) oe(v) = 0a(v

~—

expl(e — hv)/kpT],

where v is the frequency of the photon of energy hv involved in the process, and ¢ is
the temperature-dependent excitation energy. The physical interpretation of ¢ is as the
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Fig. 14. — Absorption and emission cross-section spectra of Er®" ion at 1.5 um of a silicate glass,
which illustrate the McCumber-Miniscalco-Quimby procedure. Adapted from [42].
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Fig. 15. — Absorption and emission cross-sections of Er®T ion at 1.5 um in the tellurite glasses
of molar composition (a) 75 TeOz: 12 ZnO: 10 NazO: 2 PbO: 1 Er203 and (b) 75 TeO2: 12
ZnO: 10 Naz0: 2 GeOz: 1 Erp03 [91].

net free energy required to excite one Er®t ion from the 4115/2 to the 4113/2 state at
temperature T

8
S exp |- B
. kgT
j=1

keT |~ 7 .

B S exp _Es
. kgT
Jj=1

(4.2) exp [ = Cexp [kB—T] ,

ex 0
P IeT

where Ey = Fo; — Fq; is the difference in energy between the lowest energy levels of
the two Stark manifolds as shown in fig. 13. Since the manifold widths exceed kT,
the absorption and emission spectra are offset from each other, the absorption to higher
frequency and the emission to lower frequency, as shown in fig. 14. Equation (4.1) states
that absorption and emission cross-sections are equal only at the crossing frequency
v. =¢/h when C =1 and € = Ej (see eq. (4.2)).

Another parameter often used in the literature is the ratio R of peak emission to
peak absorption cross-sections. The relation between R and C' strongly depends on the
spectral shape and it is not simple. In fact, as it may be observed in fig. 14, in general
C and R differ, so that crossing is not perfect. Figure 14 and eq. (4.1) indicate that
at frequencies higher than v, the emission cross-section is smaller than the absorption
cross-section, and vice versa for v < v.

The inherent difficulty of the strict application of the McCumber method is that the
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sublevel energies of Er3* are difficult to be accurately known and, in principle, they must
be measured for every host [92,93]. The procedure developed by several authors [87-90]
does not require the knowledge of these energies. The McCumber-Miniscalco-Quimby
model first assumes a simplified electronic structure in which the Stark levels for a given
manifold are equally spaced: Ey; = (j —1)E; and Esy = (j — 1) E» for the 4115/2 and for
the *I;5 /2 manifolds, respectively. This reduces the number of parameters in eq. (4.2)
from 14 to 3: i) the energy E; separating the Stark components of the ground state;
ii) the energy Es separating the Stark components of the first excited state; iii) the
energy Fjy which determines the separation between the two states. In this framework,
the energy Ey is chosen as the average of the absorption and emission peaks (see fig. 14).
The second approximation consists in putting the energy spread of the *I;; /2 state,
A(4I15/2) = TE1, at the 95% low-energy half-width of the room temperature emission
spectrum, since the peak has already been identified with the transition between the
lowest component of the two manifolds. This procedure provides an approximate value
of F;. In a similar way, the 95% high-energy half-width of the absorption spectrum is
adopted for the width of the excited state manifold, A(1;3 /2) = 6F>, thus providing an
approximate value for Fy. Figure 14 well describes the approximation introduced by the
McCumber-Miniscalco-Quimby model. By using these values of E; and Es in eq. (4.2),
one can get an approximate expression for the constant C:

ieXp {(j - 1),{5}}

) Yo [-6- 2]

Figure 15 shows the calculated absorption and emission cross-sections for two tellurite
glasses [91]: the resulting values are very similar to those calculated for other tellurite
systems. Their very high values are due to the high values of the refractive index, since
the stimulated emission cross-section of rare-earth ions increases with the refractive index
as (n?+2)?/n for electric-dipole transitions, and as n for magnetic-dipole transitions [94].

The effective bandwidth A), related to the emission cross-section, is defined by A\ =
J oe(A)dX/op(N), where op()) is the peak value of the emission cross-section [94, 95].
This value, together with those of absorption and emission cross-sections, is especially
important for the amplifiers in the wavelength-division-multiplexing (WDM) network
systems [4,5]. Table II lists the cross-sections and the bandwidth concerning the 41,3 2 <
“I15/2 transition of Er*T ion in some glass hosts. It is evident from table II that the
parameters A\, o,, and o, strongly depend on the glass composition, which play a
crucial role on the whole spectroscopic properties through the modification of the local
environment of the rare-earth ions [96].

Finally, the internal gain coefficient g at wavelength A can be estimated by means of
the formula g(A) = 0¢(A\)Na — 04(A) N1, where 0,(\) and o.()A) are the absorption and
stimulated emission cross-sections at wavelength A\, and N7 and Ny are the density of ions
in the ground and excited state, respectively (N14+N2 = N, N being the density of erbium
ions) [4]. Referring to the values reported in fig. 15, in the case of total inversion (N2 = N)
at 1532nm, Rolli et al. obtain a gain coefficient of 4.06 and 3.78 cm ™!, respectively, for
two tellurite samples activated by different Er3* content, namely N = 4.405 x 10%° cm—3
and N = 4.426 x 102 cm ™3 [91]. Benoit et al. in silicate glasses estimated to obtain
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TABLE II. — Effective bandwidth (AX), absorption (0.) and emission (oe) cross-sections for the
4113/2 — 4115/2 transition of Er*t at the indicated wavelength for some glass hosts.

Host matrix A Oa Oe AN Ref.
(nm) (1072 cm?) (1072 cm?) (nm)
ALP silica 1531 6.6 5.7 43 [87]
Silicate L22 1536 5.8 7.3 20 [87]
Silicate (Baccarat) 1537 4.3 5.1 18 [42]
Fluorophosphate 1533 7 7 27-43 [87]
L11
Fluorophosphate 1531 5 5 63 [87]
L14
Ge0,-8i0, 1530 7.9 6.7 25 69]
Al03-Si02 1530 5.1 4.4 55 [69]
Ge0s-Al,03-Si0s 1530 4.7 4.4 69]
Tellurite 1532 7.9 8.2 66 91]

an internal gain coefficient of about 2.0dB at 1537nm. Figure 16 shows the internal
gain curves vs. the wavelength for a silicate glass, at different values of the fractional
upper-state population No/N [42]. The change in the upper-state population strongly
modifies the internal gain coefficient of the glass in the full 1460-1580 nm spectral range.
Indeed, for low values of the population inversion, the glass is like an absorber of the
light for the shorter wavelengths, while it amplifies the longer wavelengths.
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Fig. 16. — Calculated internal gain coefficient vs. wavelength in a silicate glass for different values

of the fractional upper-state population Na/N indicated on the graph for each curve [42].
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5. — Quantum efficiency evaluation

As mentioned in the previous section, the measured lifetime (Tieas) must be compared
with the radiative lifetime, 7,4, to obtain the quantum efficiency 7 defined by their ratio:
1 = Tmeas/Trad- The value of 7,4 can be calculated via different theoretical approaches
and numerical analysis. First, if the emission cross-section is known, on the basis of
McCumber-Miniscalco-Quimby model the radiative lifetime can be calculated from the
following equation: 1/7paq = 87;—?2 f u2oem(1/)du. The second approach consists in a
model based on Einstein’s relation for the emission probability of a two-levels system
for which ¢g; and g, are the degeneracy of the lower state 1 and the upper state 2,
respectively [97]. For such a degenerate system one condition has to be satisfied: either
the sublevels making up each level are all equally populated, or the transition strengths
between the sublevels are all equal. Taking into account only the decay pathway via the
spontaneous emission for the 2 — 1 transition, and denoting As; as the corresponding
transition rate (Einstein A coefficient), the radiative lifetime of the upper state 2 is given
by

1 8T g1
'1 —_— A —_—
(5-1) To1 TNy, /012 v)dv,

where A = \o/n is the wavelength of the transition in the medium (Ao is the wavelength
in vacuum, and n the refractive index), and o12(v) is the absorption cross-section at the
frequency v [21,91].

The two above-mentioned methods are of particular interest for the estimation of
i /2 radiative quantum yield. A more general approach in determining the radiative
lifetime is based on the so-called Judd-Ofelt theory, which yields an assessment of the
oscillator strength characterizing the intensity of a transition between two 1L ; mul-
tiplets within the 4f™ configuration of a rare-earth ion [13,14]. In the framework of
the Judd-Ofelt theory, the theoretical oscillator strengths Pffl are expressed as a sum
of transition matrix elements, involving intensity parameters €2, with ¢ = 2,4, 6, which
depend on the host matrix:

8m2me (n2 + 2)2
ed N — (9)
(5.2) PSS, JY SIA2T + 1) on Qq <aSL7 J HU

als/L/ J/>2

where X is the mean wavelength of the transition and n is the refractive index. Because
the transition matrix elements (|U(9)|)) are essentially the same from host to host, the
values calculated by Morrison are widely employed [98,99]. Using the set of free-ion pa-
rameters obtained by Carnall in aqueous solution [100], Morrison computed the reduced
matrix elements between all of the intermediate-coupled wave functions representing the
multiplets of the electronic configuration 4f™ of the free ion. The intensity parameters,
called Judd-Ofelt parameters, are then obtained by the chi-square method [101]. This
method minimises the relative differences between the theoretical oscillator strength and

the experimental one, ngp, measured in the absorption spectrum:

2 2303
5.3 ped 4 pmd = T 2002 / d
( ) exp + cal el NA band E(V) v,
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TABLE III. — Intensity parameters Q, (in units of 1072° cm?) in the 77.29 SiO2: 11.86 KoO:
10.37 PbO: 0.48 Sby03 glass activated by 0.2 mol% Er®* and 0.5 mol% Er**. The calculated ra-
diative lifetime and the estimated quantum efficiency of the Er®* 4113/2 metastable level, obtained
using the three different methods described in sect. 5, are also reported [42].

Er3t Trad (IS)
content Qs Qu Qg r.m.s. Quantum efficiency
(mol%) Judd-Ofelt Einstein McCumber
0.2 3.36 0.75 0.17 1.38 x 1077 17.8 ms 18.9ms 20.1ms
79.8% 75.1% 70.6%
0.5 3.19 0.56 0.16 6.5 x 1078 18.4 ms 17.9ms 19.3 ms
62.5% 64.2% 59.6%

where e(v) is the molar absorptivity, v is the wave number and Ny is Avogadro’s number.
Each value of the oscillator strength is weighed by its own uncertainty. These uncertain-
ties have been evaluated by considering the reliability of the absorption bands integration
including the baseline subtraction. As an indicative example, table III reports the ob-
tained Judd-Ofelt (J-O) parameters in the case of a silicate glass [42], together with the
root mean square (r.m.s.) deviations of the oscillator strengths, calculated as

N 1/2
(5.4) rms, — [NL_?) S (Ptti) - Pfﬁ(i))] ,

=1

where N is the number of fitted bands. After obtaining the J-O parameters, the total
spontaneous emission probabilities and the radiative lifetimes 7, of the most important
excited states of the rare-earth ions can be estimated. The electric-dipole contributions
have been computed as follows [102]:

(5.5) Aed(\PJ;\P/J/)Z%Xed > a, <aSL,JHU(‘”H@’S’L’,J’>2,
3hA%(2J +1) q=2,4,6

where ) is the set of J-O parameters determined from the chi-square minimisation, A is

2 2
the mean wavelength of the transition, yeq = % is the local field correction, and

(JU@||) are the reduced matrix elements tabulated by Morrison [98,99]. The magnetic-
dipole contributions only depend on the magnetic-dipole operator and are given by

472e%h 2
(5.6) Amd(\I/J;\If’J’):3/\3m2722?2j+1)xmd <aSL,JH(L+25)<1>Ha/s’L',J’> :

where ymaq = n° is the local field correction and (||(L + 2S)M)||) are the magnetic
dipole matrix elements also tabulated by Morrison in the intermediate-coupled wave
functions set. The radiative lifetime of an excited state i is then governed by Tyaq(i) =
(32, A(i, 7))~ where A(4,j) = Aca(i,j) + Ama(i,j) and the summation is over all the
terminal states j. Finally, the emission branching ratios are given by 8;; = A(4, j)Trad (7).
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When two emitting states are separated by a small energy gap, the thermalization phe-
nomenon must be taken into account. For instance, 2H11/2, 453/2 and 4F5/2, 4F3/2 pairs
of emitting levels of the Er3* ion are in thermal equilibrium and are commonly treated
by considering the Boltzmann distribution.

All these methods allowing one to estimate the radiative lifetime lead to an indirect
measure of the quantum efficiency. In a recent paper, the Er¥* ;5 5 radiative lifetime
was calculated applying the three methods described above for a same silicate sample;
the resulting values were in good agreement between them, despite the different proce-
dures employed from one method to the other, but the McCumber method provided the
longest lifetimes and therefore the lowest quantum efficiencies [42]. It is obvious that the
different results are related to the approximation used in each method. Both in Einstein
relationships between absorption and emissions processes and in Judd-Ofelt model the
approximation holds that all Stark levels of the ground J state are equally populated.
It is the so-called “natural excitation” of Condon and Shortley [103]. Both in Judd-
Ofelt and two-levels models the generally used value for the degeneration factor g/g;
is (2J2 +1)/(2J1 + 1). This issue has been exhaustively discussed by Auzel in a recent
paper [104], where it is underlined that the results for quantum efficiency calculations of
the 4113/2 to 4115/2 transition of several Er3*-doped glasses show errors up to 50% for a
maximum Stark splitting of about 260 cm ™" at 300 K, when the value of the degeneracy
factor ga/g1 = (2J2+1)/(2J; +1) = 14/16 = 0.87 is used. It turns out that the Einstein
and Judd-Ofelt approach overestimate the quantum efficiency. The correction proposed
by Auzel started from the assumption that the *Iy5/5 to 115/, transition of Er*T could
be experimentally described by four transitions between two unresolved levels separated
by their maximum Stark splittings: 180 and 260 cm™!. Taking into account their respec-
tive Boltzmann population distribution at 300 K and the experimental intensities for the
four groups of their relative matrix elements, the effective degeneracy factor go/¢g1 was
determined to be 2 1.36 instead of 0.87, for AE/kgT = 1.25. Very recently, such source
of error has been considered for the Yb case as well, where quantum efficiencies much
larger than one had been obtained. Instead of g2/g1 = 6/8 = 0.75, it was found that,
at 300K, the effective degeneracy factor was 1.18 [105]. This corresponds to an error of
about 40% when the “natural excitation” approximation was used [104].

Finally, we mention an interesting method for the direct measurement of the quantum
yield described by Auzel et al. [106]. They used a photoacustic cell, with a piezoelectric
transducer in mechanical contact with the Er®*-activated glass. The 980 nm line of a
continuous wave Ti:Sapphire laser, resonant with the 415 /2 — T /2 transition of the
Er37 ion, was used as excitation source. The absorption and the photoacustic excitation
spectra were simultaneously recorded. When the exciting beam is modulated at low
frequency, typically few dozens of Hz, the quantum efficiency is proportional to the ratio
of the photoacustic signal P to the absorbed excitation intensity A. In the case of Er3*t
silicate glasses, the relation assumes the straightforward form % = a+bn(l/nw), which is
the equation for a straight line, where a and b are phenomenological constants. The slope
of the line, normalized to its intercept vs. 1/nw, gives directly the quantum efficiency.

More generally, photoacustic spectroscopy is well suited for the study of materials
which are opaque or exhibit important scattering. An interesting discussion about this
technique is reported in [107] and references therein.
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Fig. 17. — Normalized photoluminescence spectra of the 4113/2 — 4115/2 transition for tellurite
glasses activated by different Er3T content collected upon excitation at 980nm in identical
experimental conditions. Normalized absorption spectra of the 4113/2 — 4115/2 transition for 1

and 10 mol% Er®"-activated glasses, are also reported. Adapted from [109].

6. — Radiation trapping, self-absorption and concentration-quenching
phenomena

The previous discussion on the radiative lifetime measurements and the quantum
efficiency, being connected to the goal of maximizing the fluorescence signal from an
active optical glass, has been preliminary to the analysis of some important effects related
to the rare-earth concentration in the glass itself.

As already noted in sects. 4 and 5, the design of an erbium-doped broad-band amplifier
first of all requires the measurement of the *I;5 /2 = 5 /2 effective transition bandwidth
and lifetime. One of the phenomena affecting the accuracy of these measurements is self-
absorption, which is defined as the reabsorption of luminescence by the analyte and
interfering impurities in the excitation volume [108]. In a recent paper, Mattarelli et al.
discussed the measurement of bandwidth and lifetime in the presence of self-absorption
and indicated an experimental procedure to obtain their actual value [109]. A series of
tellurite glasses, with nominal molar composition 60TeO3-20Zn0-20ZnCls-2ErCls, where
r =1, 3,5, 10, were prepared. It was shown that, while the normalized absorption spectra
in the region of the *I15/5 — *I;5/5 transition of the Er®** ion overlap one with the other,
the normalized PL spectra exhibit a shape dependent on the Er®* content (see fig. 17).
It is noteworthy that the PL bandwidth A, if calculated using the emission intensity
I(X) instead of the emission cross-section as defined in sect. 4, passes from 77 nm for the
least doped sample (x = 1) up to 84 nm for the most doped one (z = 10) [109]. These
results could lead to think that the growth of the Er3* concentration is associated with
the occupation by the active ions of more and more different microscopic environments,
giving rise to a greater inhomogeneous broadening. This explanation, however, contrasts
with the evidence of the absorption spectra, where the shape of the electronic transition
does not change with the doping level (fig. 17). The observed broadening of the emission
must, on the contrary, be ascribed to the self-absorption effect, that leads to overestimate
the real emission bandwidth [110]. In fact, because of the overlap of the absorption and
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emission spectra around the 1.53 um peak, reabsorption around the peak wavelength is
much more effective than that at other wavelengths. As a consequence, the measured
emission intensity around the peak wavelength will be lower than its intrinsic value.

The influence of self-absorption on the luminescence shape can be described in first
approximation, i.e. neglecting contributions from photons reflected or re-emitted after a
first absorption, by the relationship

(6.1) L) = (N expl—a(A)d],

where I;(A) is the collected PL intensity for a penetration depth d, Io()) is the initially
generated luminescence, and a(X) is the absorption coefficient. Equation (6.1) means
that it is also possible to reconstruct Io(\) by multiplying the collected PL spectra by
the correction factor expla(A)d]. Mattarelli et al. have applied this procedure to PL
measurements performed at different depths on the same sample, showing a remarkable
agreement of the initially generated spectra Iy(A) [109]. In order to check the effectiveness
of the procedure, PL spectra were collected from finely ground powders of each sample,
with an average size of about 300—400 um, where the deforming effect of self-absorption
was strongly reduced. The PL spectra of the powders showed a shape independent
of the Er®t concentration, and they closely overlapped with the reconstructed spectra
Iy(A). When the McCumber-Miniscalco-Quimby model is applied, the shape of the
emission spectrum thus calculated reflects perfectly the spectra obtained with the above-
shown method, giving the true value of the effective bandwidth, i.e. about 66 nm. These
results confirm the goodness of the approximation in determining the self-absorption
contribution from the absorption spectra.

Radiation trapping can also induce a misleading evaluation of the luminescence quan-
tum efficiency, defined as the ratio of observed to radiative lifetime. Auzel et al. discussed
the radiation trapping effect on the measured lifetime of several rare-earth ions in a sin-
gle crystal [111]. When population inversion can be neglected, the measured lifetime in
the trapping condition (7;) is related to the intrinsic lifetime without trapping (Tintr)
by: Tt&r = Tintr(1 + 0 Nd), where o is the transition cross-section, N is the ion doping
concentration, and d is the average absorption length in the lifetime measurement exper-
iment. It is evident that reabsorption can lead to a strong increase of the luminescence
decay time and to a proportionally overestimated quantum efficiency. As an example,
much higher 7, values (between 20 and 140% higher) were measured in tellurite massive
glasses than in the corresponding powders, the latter being surely related to the intrinsic
lifetime 7y, [109].

The principle of radiation trapping can be demonstrated simply by coating a glass
or crystal with a highly reflecting film and leaving apertures open for the entrance of
excitation light and for observation of the luminescence decay. Noginov [112] experimen-
tally demonstrated a sixfold increase for the Yb3* lifetime in Yb3*:BaY,Fg gold-coated
crystal; in the uncoated sample the Yb3* lifetime was 2.9 ms, to be compared with the
lifetime of 18 ms measured in the gold-coated sample. Analogously, for the I 5 /2 tran-
sition in Er3*t:BaY,Fs, he measured 13ms for the uncoated crystal and 31 ms for the
gold-coated one. It is clear that radiation trapping enhances energy storage, energy
transfer, and up conversion in rare-earth—activated materials. However, if the reabsorp-
tion effect is appropriately tailored, it can potentially decrease the threshold for compact
continuous-wave pumped lasers.

Another effect that strongly decreases the efficiency of luminescent materials is the
so-called concentration quenching. In the case of high rare-earth concentrations, the ions
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are closer together, so that deleterious non-radiative energy exchanges between neigh-
bouring ions can take place. The dissipative processes related to ion-ion interactions
leading to concentration quenching in glasses have been the object of several studies,
both theoretical and experimental, as shown by the number of publications dealing with
the argument [87,89,113-118]. In the following we will refer only to the Er3* ion, which
is the most widely used in guided-wave amplifiers and lasers. When the erbium concen-
tration increases, the average distance between neighbouring Er3* ions simultaneously
decreases and electric dipole-dipole interactions between the different Er®t ions become
more significant. Under this condition, processes which include energy migration and
up-conversion can take place, lowering the fraction of excited Er®* ions at a given pump
power. As a consequence, a decrease of the luminescence lifetime of the metastable 415 /2
state as a function of increasing Er3T concentration occurs, as described by the following
empirical formula [87,113]:

70
Tmeas = — , N\ D
PEr
1y ( )
Q

where Tyeas 1S the observed luminescence lifetime, 7y the ideal luminescence lifetime in the
limit of zero rare-earth concentration, pg, the Er3* ion concentration, @) the quenching
concentration and p a phenomenological parameter characterizing the steepness of the
corresponding quenching curve. It could be considered that p is determined by the mecha-
nism of the energy transfer between the rare-earth ions [110]. In this framework, p is close
to 2 when the electric dipole-dipole transition is the dominant energy-transfer mecha-
nism between neighbouring Er®* ions. When the effect of electric dipole- and quadrupole-
quadrupole transitions cannot be neglected, p should be larger than 2. However, in order
to avoid difficulties with the physical meaning of p, usually only @ is estimated from
the fitting curve, as the concentration at which the lifetime becomes half of 7 (in fact,
Tmeas 1S equal to 79/2 when pg, is equal to Q). The phenomenological equation (6.2)
deserves some comments and, as a general rule, the () parameter has to be considered in
the light of complementary measurements, which may put in evidence other relaxation
mechanisms. By definition, 7y is the value of the PL lifetime of the rare-earth ion in the
material, in the limit of zero ion concentration, i.e. in the absence of any concentration
quenching phenomena. Therefore, if the material has no multiphonon relaxation due to
the matrix, which is approximately true for heavy-metal silicates, and if there are no
residual OH™ species, then 7y should approximately coincide with the radiative lifetime
Trad- But, if there a residual OH™ exists, even in the limit of zero rare-earth concentra-
tion, the 7y value should be less than the radiative lifetime. A detailed discussion with a
numerical analysis about the validity of the concentration quenching relation is reported
in [77].

Several researchers have noted that codoping with A1t is effective at dispersing rare-
earth ions in silica gel and silicate glass matrices [96,119-121]. A detailed interpretation
of why and when rare-earth ion isolation occurs is still not well established [122]. A
general point of view, however, is that rare-earth ions will be preferably partitioned by
AI3* forming Al-O-RE bonds, rather than sitting together to form RE-O-RE bonds.
Subsequently, the spacing among RE elements is larger in the alumina-doped silica host
rather than in the non-alumina-containing host.

(6.2)
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7. — Photonic band gap structures with glassy materials

Photonic crystals are structures characterized by a refractive index periodicity in space
on a length scale comparable to the wavelength of interest, and, consequently, by a certain
frequency range where light cannot propagate in any direction; this frequency range is
known as the photonic band gap (PBG) [123-125]. It was predicted by Purcell [126] that
an atom in a wavelength-size cavity can radiate much faster than in the free space. This
effect was measured in a cavity formed by two parallel mirrors by Haroche et al. [127].
On the other hand, if its transition frequency falls within the photonic band gap, the
atom cannot radiate away energy, and thus spontaneous emission can be completely in-
hibited [128]. Several configurations have been proposed to exploit the physical property
that spontaneous-emission rate of rare-earth ions can be modified by the influence of the
local optical environment. This effect has been demonstrated in one-dimensional sys-
tems such as Eu®*-doped dielectric slab [129], Er®*-activated Si/SiO2 microcavity [130],
Er®* and dye-doped SiOs colloidal photonic crystals [131], and Pr®*-doped TayO5/SiO-
micro-resonators [132].

Photonic crystals are nowadays the key for the future technological development of
planar optical circuits. To exploit the unique properties of photonic crystals it is impor-
tant to develop new ways of making optically functional photonic crystals that integrate
the self-assembly chemistry methods and the microfabrication techniques, with the aim
of creating new photonic crystal devices and chips that are suitable for high-volume
manufacturing processes.

Recently, it has been proved that the sol-gel technique represents a viable approach to
the fabrication of PBG structures and, in particular, of rare earth-activated 1-D photonic
crystals and microcavities [133-135]. A recent review of the origin and development of
PBG materials and structures made by sol-gel processing since 1987, with emphasis on
recent developments, can be found in [136]. Thin films of SiOy and TiO2 were used to
fabricate one-dimensional photonic crystal devices using the sol-gel method [137]. The
microcavity resonator consisted of a TiOy Fabry-Perot cavity sandwiched between two
Si05/TiOy mirrors of three bi-layers each. The resonance wavelength was at 1500 nm
and the quality factor @ of the microcavity was 35.

As another example, Zampedri et al. reported a sol-gel-derived 1D cavity realized
by an Eu®t-activated dielectric layer placed between two distributed Bragg reflectors
(DBR) [135]. These DBRs consisted of 7 alternated quarter-wave layers of TiOy and
SiO5. The active layer between the two DBRs consisted of a TiOs half-wave layer doped
with 2mol% of Eut. The sample was deposited on vitreous silica substrate. The
starting solution was Ti(O-n-C3Hz7)4 and Si(OCeHjs)y, with molar ratio HoO/TiOs = 1
and HyO/Si0O5 = 2, employed for titania and silica layer preparation, respectively. The
spinning deposition technique was used. After each spinning, the sample was dried
at 200°C for 1 minute on a hot-plate and then annealed at 1000°C for about 90s.
Angle-dependent reflectance spectra and luminescence measurements were performed as
described in [77]. For luminescence measurements with 1D microcavities, two angles must
be controlled: the angle of excitation and the angle of collection of the luminescence. In
fact, the excitation angle must be chosen so that the laser beam is not reflected by the
DBRs, but good part of the excitation light could reach the active layer. The angle of
collection of the luminescence is chosen in order to superimpose the cavity resonance
to the rare-earth emission. For normal incidence, a stop band from about 510nm to
800 nm, with maximum reflectance of 98%, was obtained, which is shown in fig. 18. The
cavity resonance corresponded to the peak at 618 nm with a full width at half maximum
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Fig. 18. — Normal incidence reflectance spectra of a sol-gel-fabricated Fabry-Perot microcavity,
consisting of two mirrors of 7 alternated quarter wave layers of TiO2 and SiOs, plus a 2 mol%
Eu®t-activated TiO2 half-wave defect layer [135].

(FWHM) of 12nm. The cavity resonance depends on the detection angle; a quality factor
@ = 54 was obtained in this case, with the reflectance measured for an incidence angle
of 0°. The fabrication technique must be precisely controlled on the nanometric scale
for fabrication of higher-Q) microcavities; it is crucial, in particular, to avoid variations
in the index and thickness of the different stacked layers.

Photoluminescence spectra of the microcavities show the interesting effect of lumines-
cence enhancement. In the system described above [135], the luminescence, correspond-
ing to the emission from °Dy state to the "F; (J = 2, 1) levels of the Eu®* ion, could
be tuned by the PBG system in a wide frequency range, practically corresponding to the
whole stop band. The maximum of the luminescence was detected at angles less than
10°. The luminescence line was modified both in intensity and bandwidth by the cavity.
The FWHM value of about 12nm for the °Dy — “F4 emission had to be compared to the
typical FWHM of about 25 nm observed in sol-gel-derived bulk glasses. When the doped
layer, with a thickness of about 140 nm, was inserted into the cavity, an intense emis-
sion was detected. Oppositely, when the same layer was deposited on a silica substrate, a
very low intensity, comparable to the noise, was observed. This enhancement of the lumi-
nescence was already demonstrated for instance by Vredenberg et al. [130] for a Si/SiO,
cavity activated by Er3T ions. The intensity enhancement occurs because at any particu-
lar wavelength the emission rate into a resonant cavity mode, which is highly directional,
is increased, while in almost all other directions is reduced. This redistribution of emitted
intensity is a well-known cavity effect and has been numerically analysed in detail for a
complete set of cavity modes in planar dielectric microcavities [128]. It is evident that
the possibility of controlling spontaneous emission makes these planar structures of great
interest for fabrication of high emissive devices such as directive light-emitting diodes or
low threshold microlasers.

It is evident that three-dimensional (3D) cavities would provide a really significant
improvement in the light extraction; since, however, there exist serious difficulties in
fabricating 3D PBG structures, in particular with deterministic defects, much effort is
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being devoted to the less demanding 2D photonic crystal structures. Even these 2D
structures, if associated with waveguide control in the third dimension, may actually
provide an excellent overall 3D confinement. Rare-earth—-doped glasses, however, do not
lend themselves as very convenient materials for 2D or 3D PBG structures, due to the
relatively low refractive index and consequent low index contrast. Despite of this limita-
tion, some 2D fibre and waveguide devices have been proposed, by using microstructured
glass technology [138].

8. — Rare-earth—doped glasses for lasers and amplifiers

Optical glasses are the corner stone in a huge number of technological applications.
This is definitely true for laser systems. At the top of the scale, one can mention the
National Ignition Facility (NIF) at the Lawrence Livermore National Laboratory, which
has the goal to achieve controlled thermonuclear burn in the laboratory using laser light.
The entire NIF project is expected to be completed in mid-2009, with ignition experi-
ments beginning a year later [139]. NIF represents both the largest laser and the largest
optical instrument ever built, requiring 7500 large optics and more than 30000 small
optics. Optical materials, and in particular optical glasses, play a crucial role in NIF
fabrication, where the neodymium-activated glass laser slab, operating at 1053 nm, is
the hearth of the laser system.

Over almost 40 years there has been extensive research covering a large number of
active ions in every known glass system. Neodymium, however, remains the primary RE
element of interest for most commercial applications of glass lasers, and, more generally,
of solid-state lasers. Only recently, a growing interest has been focused on erbium and
ytterbium: the former ion is fundamental for applications in the optical telecommunica-
tions (but also has interest for eye-safe laser applications, such as in rangefinders), while
the latter is useful as co-dopant of erbium (because of the energy-transfer effect that
increases pumping efficiency at 980nm) but is assuming larger and larger importance
for the development of medium-to-high power fibre lasers. Ytterbium-doped silica fibres
exhibit a broad-gain bandwidth, high optical conversion efficiency, and large saturation
fluence. A cladding-pumped Yb-doped fibre laser with continuous-wave optical power of
1.36 kW at 1.1 um, with 83% slope efficiency and near diffraction-limited beam quality,
has been demonstrated [140]. By combining an assembly of highly reliable diode-pumped
single Yb-fibre lasers, industrial systems with output up to 50 kW are also available [141].

Other rare-earth ions under investigation include samarium and holmium for visible
emission, praseodymium for the 1.3 um window, thulium and again holmium for longer
near-infrared wavelengths. A summary of the main emission wavelengths of the most
important RE ions is presented in table IV, where possible sensitising ions are indicated
as well. Here we refer to a sensitising ion as the additional dopant that absorbs the
pump radiation and transfers it to the lasing ion, thus increasing the overall pumping
efficiency [142].

At the bottom of the scale of rare-earth—doped glass devices, at least for their minia-
turised size, there are the integrated optical (IO) lasers and amplifiers: the following
sub-section is devoted to an overview of IO amplifiers, which have gained much interest
in the last years for their application in optical communication systems.

8'1. Integrated optical amplifiers. — There are three major applications for optical am-
plifiers in modern optical networks; they can be used as power amplifier /boosters (placed
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TABLE IV. — Emission wavelengths of the main RE ions in glass.

Dopant Approximate emission Sensitising ion
RE ion wavelength(s) (um)

Pr3t 0.89 1.04 1.34

Nd3* 0.93 1.06 1.35 Cr3t, Mn?t, Ce?t
Sm?** 0.65

Eu®t 0.62

Th** 0.54

Ho®** 0.55 1.38 2.05

Erd3* 1.30 1.54 1.72 2.75 Cr3T, Yb3 T
Tm?*+ 0.80 1.47 1.95 2.25 Er*t, Yb3+
Yb3T 1.03 Nd*+

directly after the laser diode transmitter), in-line amplifiers (repeaters), or preamplifiers
(placed in front of the detector to enhance its sensitivity). The corresponding require-
ments may be different, especially in terms of input signal power handling, maximum
optical gain, and signal-to-noise ratio (SNR). There are a few possible technological
routes for implementing optical amplifiers: they include semiconductor optical ampli-
fiers (SOAs) [143], erbium-doped fibre amplifiers (EDFAs) [144-146], and Raman optical
amplifiers [147]. Hybrid configurations, such as Raman-assisted EDFAs, have also been
extensively studied, because they show low noise figure [148].

EDFAs represent a mature technology, and they are routinely used in current telecom-
munication systems. Another application of optical amplifiers, especially in local access
networks, has to do with the loss compensation of passive components (such as inter-
leavers and 1 x N splitters). In such a case, the final aim would be that of integrating
active and passive devices on a single chip: for this reason, the integrated-optics (1O)
format [149] is more appealing. IO amplifiers are being extensively investigated, and
a few types of erbium-doped waveguide amplifiers (EDWAs) are already commercially
available [150].

The goal of developing fibre systems operating over an ultra-wide band, covering the
wavelengths between 1.3 and 2 um, would require the use of different rare-earth (RE)
elements and different glass matrices. The potential amplification bands in that wave-
length region of some combinations of glasses and rare earths are indicated in table V.
The energy levels are labelled according to the well-known Russel-Saunder multiplet
notation 2°*!L ;. where S is the total spin quantum number, L is the total orbital
angular-momentum quantum number, and J is the quantum number of the total mo-
mentum of that particular level or state (J = L+.5) [151]. The choice of the glass matrix
largely affects the amplifier’s performance, and oxide glasses are not suitable hosts for
exploiting the radiative transitions of Pr3* in the 1260-1350 nm region, of Tm3* in the
1460-1510 nm region, and of Ho?* over 2000 nm.

So far, however, most of the research efforts have been focused on the use of Er3t+ 414 /2
— 415 /2 transition in the 1500-1600 nm band, and for that purpose oxide glasses, and
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TABLE V. — Potential amplification bands in the near-infrared region of some RE ions in glass.

Operating range Dopant Transition Oxide Fluoride
(nm) RE ion host host
1260-1350 pPr3t 1G4 — 3Hy - +
1320-1400 Nd3+ YFy 0 — ) + +
1460-1510 Tm3t 3Fy — 3Hy - +
1500-1600 Er®t *Lize — *lhs)e + +
1700-2015 Tm3+ 3H, — 3Hg + +
2040-2080 Ho®* 5[ — 5% — +

especially silicates and phosphates, proved to be much more convenient than non-oxide
glasses, due to their easier fabrication and processing, and to the higher chemical re-
sistance. Thus, EDFAs and EDWAs based on oxide glasses remain at the moment the
most viable solution to cover the C-band and its short side (S*-band: 1450-1530 nm; or
S-band: 1480-1520 nm) and long side (L-band: 1560-1610 nm).

Bulk rare-earth—doped glasses may be fabricated by conventional melt-quenching, sol-
gel or CVD processes [20]. For integrated optics, several fabrication processes have been
developed; material requirements are much more stringent than for optical fibres, due to
the different manufacture technologies and to the much higher rare-earth concentration
required in short-length planar devices. Even if in principle non-oxide glasses, such as
fluorides and other halides, may possess better properties (e.g., much lower phonon en-
ergy), so far the largest part of the experimental results—and all the available commercial
amplifiers—have been obtained using silicates and phosphates glasses, mostly because of
their greater chemical robustness and environmental stability.

The development of erbium-doped integrated optical amplifiers may follow three main
manufacturing routes:

— local doping of a bulk glass or of a glass thin film with rare-earth ions by diffusion
or ion-implantation; the process leads to a local increase of the refractive index,
and therefore also produces a waveguide [152-155];

— fabrication of a rare-earth—doped bulk glass by conventional melting process or
by sol-gel, and subsequent fabrication of the waveguide by diffusion processes (by
ion-exchange, in particular) [156-163];

— deposition of a glass thin-film waveguide containing rare-earth ions by RF mag-
netron sputtering, chemical vapour deposition (CVD), electron-beam vapour depo-
sition, flame hydrolysis deposition (FHD), or sol-gel processes [164-169].

A combination of two different technologies has also been demonstrated, such as sol-gel
to deposit the Er-doped thin film and ion-exchange to define the channel waveguide [170],
or flame hydrolysis deposition of the guiding layer and aerosol Er-doping [171], or ion-
exchange in a glass to fabricate the waveguide and ion implantation to dope it with
erbium [172]. Moreover, advances are being made in laser-based fabrication and pattern-
ing processes of glass structures, which include pulsed-laser-deposition [173-175], laser
machining [176,177], UV-laser and femtosecond-laser writing of channel waveguides in
bulk glasses or in glassy thin-film [178-181].
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Fig. 19. — Experimental set-up used to measure the optical properties of an Er®*-doped wave-
guide, pumped at 980nm. Pigtailed laser diodes and output coupling configurations may be
combined in different ways to perform specific measurements.

8'2. Optical and spectroscopic properties of Er3T-doped wavegquides. — The goal of
achieving a high optical gain in an Er3*-doped glass can be reached only if the proper
spectroscopic properties of the glass are combined with a low propagation loss wave-
guide. Thus, it is very important to optimize the RE doping level. Generally, at low
Er®*tconcentration, the lifetime of the metastable level is longer and quantum efficiency is
higher, but obviously the total intensity of stimulated emission is lower, while at higher
concentrations, fluorescence quenching may occur, due to ion clustering or ion-to-ion
interaction. It is also important that absorption and emission spectra be wavelength-
shifted one with respect to the other, so that the peaks of absorption and emission cross-
sections are located at different wavelengths, in order to reduce re-absorption phenomena
in the waveguide. This is possible because the I3 /2 Stark levels are non-uniformly
populated, and the 4113/2 — 4115/2 transition may be shifted to a longer wavelength
with respect to absorption.

For most of the amplifiers in the 1.53 pm band, the active doping includes ytterbium
ions: ytterbium co-doping allows to transfer energy from excited Yb3* ions to close Er3+
ions through a cooperative cross-relaxation process, thus significantly enhancing system
absorption at 980 nm and making the pumping mechanism more efficient. The presence
of Yb3* ions may also be effective in reducing unwanted Er3*-Er3* ion energy transfer
interactions by increasing the mean inter-atomic distance.

As to the waveguide itself, it is necessary to achieve minimal propagation losses, be-
cause they would affect, among other factors, the pump threshold, i.e. the power at which
the material becomes transparent, the signal amplification being able to compensate for
propagation and absorption losses.

The pumping scheme is also important, in order to actually excite the maximum
number of erbium ions; in most cases the pump is a laser diode emitting at ~ 980 nm
wavelength, which corresponds to the peak of the absorption band due to the *I;5 /2 —
I /2 transition. In order to achieve high pumping power, laser diode arrays are used,
or a contradirectional scheme is employed, with two laser diodes injecting their power at
the two ends of the fibre-EDWA-fibre system. Proper modelling is necessary, in order to
select the optimal doping concentration and operational parameters [181-183].

The most important characteristic to indicate the performance of an EDWA is the net
gain. Since it is not always clear, when reading some of the published papers, what kind
of gain was actually measured, let us recall the definitions of gain and refer to fig. 19 to
explain how a full characterization of an active waveguide may be performed, by using,
in different configurations, the same basic devices, namely laser diodes, fibres, detectors,
and the waveguide to be tested.

The net optical gain, also called external gain, can be measured as the ratio between
the maximum intensity of the signal measured at the end of the output fibre (B) and
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the signal intensity at the end of the input fibre (A), for a given value of the pump
laser intensity. The intensity of the amplified spontaneous emission (ASE) should be
subtracted from the output signal.

If, however, one wants to understand how that value of gain is obtained, it would be
useful to perform a more detailed analysis, by measuring:

a) The insertion loss of the waveguide at a wavelength outside the absorption band
of Er3* ions, e.g., at 1300 nm. This measurement can be done by comparing the
intensity at the output of the delivery fibre (A) with that at the end of the collecting
fibre (B). It gives an assessment of scattering losses; moreover, a correction due
to the wavelength difference between 1.3 and 1.5 um, according to Raleigh law
I, = a\™*, is possible.

b) The spontaneous emission intensity. This is measured by detecting the signal at
the output of the collecting fibre (B) when the waveguide is pumped, i.e. when the
delivery fibre (A) is carrying only the beam at 980 nm.

¢) The coupling loss between the fibre and the channel waveguide may be evaluated
by comparing the intensities detected when the light coming out from the channel
is collected by a fibre or by a lens (usually, a microscope objective). Then, one can
assume that the coupling loss is not significantly different for the input and the
output coupling.

d) The absorption of erbium ions. This value is derived from the measure of the
insertion loss at 1.5 um, in the absence of the pump, by subtracting the coupling
losses.

A preliminary and quick measure of the amplifier performance can be given by the
signal enhancement (sometimes also referred to as relative gain or ON/OFF ratio), i.e.
the ratio of output signals when the laser pump is on and off. This is not, however, a
true optical gain, due to the effect of absorption of erbium ions, which is significant when
the pump is off and becomes negligible when the ground state is depleted of electrons
by the pump light. The internal gain may be obtained by subtracting from the signal
enhancement the absorption due to erbium ions at 1.5 ym; by further subtracting the
coupling losses, the value of the net optical gain G is finally obtained.

Table VI gives an idea of the state of the art in EDWASs, by presenting a few out of the
many results published in the literature, with particular reference to devices fabricated in
silicate and phosphate glasses. It has to be underlined that comparison of these results
should be considered only qualitative, because it cannot be stated that measurement
methods and units are used everywhere in a consistent way. For instance, in some cases
the intensity of the pump signal is given as the optical power actually injected into the
waveguide, while in other cases only the power available at the end of the input fibre
is given.

Besides the gain, the other most important specification for an EDWA is its amplifier
bandwidth, since the broad-band operation is critical for the use in DWDM systems.
In fact, an EDWA has to simultaneously amplify many channels, with the best possible
uniformity; as the gain is generally dependent on wavelength, each signal will experience
different optical gain, with bad effect on the transmission bit-error rate (BER) and on the
signal-to-noise ratio (SNR) differential among channels. Thus, not only the width of the
emission band is important, but its shape as well, because it affects the uniformity of gain
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TABLE VI. — Characteristics and performance of a few Er®*-doped integrated optical amplifiers,
as reported in the literature.

Material Doping ion(s) Fabrication Max. Net  Pump Ref.
Er b technology Gain power
(dB/cm)  (mW)®
Aluminophosphosilicate  0.25mol%  0.25mol% sol-gel 1.1 175 [168]
3wt 5wt i
Borosilicate i Wt on 2.3 130 [157]
Er203 Yb203 exchange
1 -
Doped BK7 Wt Swt on 1.0 110 [186]
Er,03 Yb2O3 exchange
P-doped silica 0.55 wt% FHD(® 0.7 640 [164]
Phosphate o) N ron 2.5 120 [159]
exchange
ion
Phosphate 2wt% 2wt% 2.9 120 [186]
exchange
2.3 x10* 3.8 x 10* i
Soda-lime silicate % % on 1.5 250 [160]
ions/cm®  ions/cm® exchange
0.7 x 10
Soda-lime silicate x sputtering 0.8 80 [165]
ions/cm?

(a) If not indicated, pump wavelength is 980 nm. () Doping percentage not available. <C>FHD: flame hydrolisis
deposition.

over the transmission channels. This fact has stimulated further research towards glass
hosts providing wider photoluminescence bands and, more generally, a good compromise
between the different operational characteristics, namely high gain, broad band and flat
amplification.

A few examples of novel glass compositions are presented in the following subsections,
which refer to recent activities carried out by the authors and collaborators, and concern
silica-hafnia sol-gel films, aluminosilicate ion-exchangeable glasses and tellurite glasses.

8°2.1. Sol-gel silica-hafnia films. Silica-based glasses offer solubility for rare-earth ions
of about 6 x 1029 cm™3, are transparent in the visible to near-infrared region, and are
easily compatible with IO technology. Silica-hafnia thin films are known as stable optical
coatings with high damage resistance at 1054 nm, and have been proposed for mirrors and
polarizers for the National Ignition Facility. Thus, it was decided to test the structural
and optical properties of Er3*-doped optical waveguides made by silica-hafnia; for that
purpose, by using the sol-gel process, several films of composition (100 — 2)SiOs - HfOq
(x = 10, 20, 30, 40) were produced and tested. For each composition, two films were
grown, containing 0.01 and 0.3 mol% Er3T ions, respectively [184].

All the films were deposited on cleaned pure-silica substrates by dip coating. After
each layer’s deposition, the sample was annealed in air for 50s at 900 °C. After a 10-dip
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Fig. 20. — Photoluminescence spectra relative to the 4113/2 — 41'15/2 transition of the Er®* ions
for the (a) SH40, (b) SH30, (c) SH20, and (d) SH10 waveguides, obtained upon excitation at
514.5 nm.

cycle, the film was heated for 2min at 900 °C. Finally, the waveguides were subject to a
further annealing at 900 °C, whose duration was different for each waveguide; for instance,
for the samples containing 0.3 mol% Er®*, the annealing time was varying from 30 hours
(z = 10) down to 5 minutes (z = 40). As the refractive index was changing with each
composition, the thickness of each film was chosen so to have a single mode of propagation
(one TE and one TM mode) supported at 633 nm. More details on the fabrication process
are available in previous papers [184,185]. Measurements of propagation losses were done
in various samples, giving an average value of about 0.9dB/cm at 632.8 nm.

Photoluminescence (PL) measurements in the region of the 41,3 J2 = 5 /2 transition
and decay curves from the 414 /2 level were made in guided-wave configuration, using
prism coupling and either the 980 nm line of a Ti:sapphire laser or the 514.5nm line of
an argon laser as excitation source. The PL spectra relative to the 4113/2 — 4115/2 tran-
sition of the Er®* ions for all the waveguides exhibited a main emission peak at 1.53 um
and a broad spectral width of about 50 £ 2nm. Figure 20 shows the emission spectra
of the samples doped with 0.3 mol% Er3* for excitation at 514.5 nm; the shape and the
bandwidth of these spectra, however, did not change with the excitation wavelength, in-
dicating that site selection was negligible. The similarity of PL spectra for all waveguides
seems to indicate that a small inhomogeneous broadening is present, independently of
HfO5 content.

The measured lifetime of the I 5 /2 metastable state decreases with the increasing of
the HfO5 molar concentration, from a maximum of 8.5 ms when the ratio SiOs/HfOs is
90:10 and Er3* concentration 0.01 mol%, to a minimum of 5.8 ms when the ratio increases
to 60:40 and erbium concentration is 0.3% mol. By considering that in completely den-
sified silicate glasses the multiphonon decay does not significantly affect the *I;5 /2 level
lifetime, we can assume that the lifetimes measured at 0.01 mol% Er3t doping level are
very close to the radiative ones. Under this hypothesis, we can estimate that quantum
efficiency even in the samples doped with 0.3 mol% of erbium is always higher than 84%.

82.2. Soda-lime-alumino-silicate (SLAS) glasses. Soda-lime-silicate glasses are quite
widely used in optics, and in integrated optics as well. As an example, a net optical
gain of 1.5dB/cm was demonstrated in a glass of this type, co-doped with Er®* and



40 G. C. RIGHINI and M. FERRARI

40

W Absorption A Emission

35 A

30 A

25 A

FWHM bandwidth (nm)

20 A

0 5 10 15 20 25
Al203 (mol. %)

Fig. 21. — Absorption and emission bandwidths of SLAS samples as a function of AloO3 con-
centration. The lines are traced only as a guide to the eye.

Yb3* [160]. One disadvantage of this kind of glass, however, was represented by the nar-
row fluorescence bandwidth, the full-width half-maximum (FWHM) value being around
17nm. On the other hand, it was known that the introduction of aluminium in a sili-
cate glass may lead to increase the emission bandwidth [187]. Thus, it was decided to
try to improve the characteristics of the original glass by adding different quantities of
aluminium oxide (up to about 20mol%) and by investigating their effect on glass optical
properties, in particular on the emission bandwidth around 1.5 ym.

The new glasses were prepared by conventional melting process and had a basic com-
position of the type NasO-Ca0-Al;03-Si04, with small percentages of PoO5 and K5O.
Melting occurred in an electrically heated furnace within Pt crucibles, following the same
heating cycle: from 20 to 1000°C at 10°C/min, with a 24 h soaking time at 1000°C,
from 1000 to 1550°C at 20°C/min and finally 1 hour of soaking time at the maximum
temperature of 1550 °C. Eventually, the melt was quenched in a graphite mould to ob-
tain small pieces of glass having a bar form; each bar was then cut to 1 mm thickness
and optically polished on both faces.

Planar optical waveguides were produced by using the Ag™ < Na™ exchange process
in a dilute AgNO3 solution (AgNOjs : NaNO3z = 0.5 : 99.5mol%) at 325°C. Both the
fluorescence spectra of Er3t and the lifetime 7 of the 4134 /2 level were detected using a
976 nm laser diode as excitation source. Further details on fabrication and characteri-
zation of these glasses are available elsewhere [188]. An interesting result was that the
bandwidth almost doubled when passing from 1 to 20 mol% of alumina. The broadening
of both the absorption and the fluorescence spectrum is also shown in fig. 21, where
one can notice that the slope of increase of the emission bandwidth changes significantly
from the region where the alumina content is lower than 9mol% to the region where
the content is equal or higher than 13mol%. Correspondingly, an abrupt change in the
physical (density) and optical (bulk refractive index) properties of the glass was observed
as well (fig. 22) [188]. These facts suggest that the behaviour of this class of glasses has
a drastic change when the concentration of aluminium ions becomes larger than that
of sodium ions. A possible explanation refers to the different effect that the aluminium
oxide has on the silica network, as glass modifier and as glass former, respectively. In
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Fig. 22. — Density and bulk refractive index of the six glass samples as a function of alumina
content. The error on the measurement of density is lower than 0.0004 g/cm3 and therefore in
the plot the error bar would be smaller than the symbol used.

particular, in the network modifier case (samples with AlyO3 concentration lower than
10 mol%), the aluminium ions contribute to disrupting the silica structure and producing
non-bridging Al-O groups, which can coordinate the Er3* ions, so reducing the Er-Er
interaction and increasing the lifetime of the metastable 415 /2 level. A further increase
of aluminium oxide, on the contrary, reduces the non-bridging oxygen ions to form the
Al-O-8i bridging oxygen.

The radiative lifetimes were calculated using Judd-Ofelt analysis; for all the samples,
the quantum efficiency 1 = Tieas/Trad 18 larger than 55%. Quantum efficiency near 75%
is estimated for the sample having high AlsO3 concentration (16.67 mol%): this sample,
therefore, exhibiting high 1 and broad emission bandwidth, can represent a glass with
high potential for an EDWA.

8°2.3. Tellurite glass waveguides. In the recent years, a growing attention has been paid
to TeO,-based Er3t-doped glasses, which exhibit large stimulated emission cross-sections,
broad emission bandwidth, wide infrared transmittance (up to 6 um), and low phonon
energy. Modelling has shown that the tellurite-glass host material can offer two kinds of
advantage for the fabrication of high-gain integrated optical amplifiers: i) Er®*-doped
tellurite waveguides exhibit higher signal gains than Er3*-doped silica waveguides, and
ii) the broader bandwidth that Er®* exhibits in tellurites, coupled to its higher emission
cross-section coefficient, reduces the deleterious gain peaking effect and therefore makes
it easier to reach the goal of a gain-flattened optical amplifier [182].

We studied two families of tellurite glasses, one including tungsten and the other one
including zinc [189]. The composition of the samples we synthesized and characterized is
summarized in table VII. Samples S1 and S2, which pertain to the zinc-tellurite set, also
contain 2mol% of Pb and Ge, respectively. Their respective bandwidths were 63 nm and
66 nm, and their lifetimes resulted to be 3.3 0.2 and 2.9 £+ 0.2ms. The corresponding
calculated quantum efficiencies resulted to be 94% and 83%. Similar values of lifetimes
and quantum efficiencies were found for the other samples.

Near-infrared to visible upconversion upon CW excitation at 976 nm has been ob-
served in all the zinc tellurite samples, even at low excitation powers (=~ 1 mW) indicating
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TABLE VII. — Molar composition of investigated erbium-doped tellurite glasses [91,162].

Sample TeOQ NagO ZHO W03 PbO GGOQ EI‘2 03
Vi1 60 15 25 0.05
V2 60 15 25 0.5
V3 60 15 25 1
V4 60 15 25 1.5
Vb 60 15 25 2
S1 75 10 12 2 1
S2 75 10 12 2 1
N1 80 10 9 1
N2 80 9 9 2

that these glasses also have potential as efficient hosts for upconversion generation.

Planar waveguides were successfully obtained in both types of glass, by using Ag*-
Na™ ion-exchange; eutectic mixtures of AgNO3z, KNO3 and NaNQOj salts were used to
keep the process temperature lower than the transition temperature of the glasses. Char-
acterization of the diffusion process shows that the diffusion depth clearly decreases with
increasing Er3t concentration. Tungsten-tellurite glasses appear to be more convenient
for 1O device fabrication because of the shorter exchange times necessary to produce a
single-mode waveguide at 1.5 um [162]. This is due to the higher exchange temperature
(330°C instead of 280°C), made possible by the higher transition temperature of this
glass (T = 356 °C) with respect to zinc-tellurite glass (T; = 290°C). Both types of
glasses, on the whole, exhibit modal and spectroscopic characteristics that, even with
their pros and cons, make them quite promising for the development of broad-band
integrated optical amplifiers.

9. — Microspherical lasers

In dielectric spheres light can be guided through high-@) whispering-gallery-modes
(WGMs) with a unique combination of strong temporal and spatial confinement of light.
Glass microspheres are therefore of interest for a large number of applications as cavity
quantum electrodynamics, nonlinear optics, photonics, and chemical or biological sens-
ing [190]. After the early works of Garret et al. [191] and the works on Morphology
Dependent Resonances (MDRs) and lasing effects in droplets during the 1980’s [192],
rare-earth—doped glass microsphere lasers recently became a subject of numerous studies
and have been demonstrated as potentially compact laser sources [193,194]. Figure 23
shows the up-converted green light propagating at the surface of an erbium-doped glass
microsphere, upon excitation by a laser diode emitting at 980 nm through a half-taper
fibre (not visible in the photo) for evanescent-field coupling. The microsphere is glued
to the end of an optical fibre for easy handling.

A microspherical laser based on Er®*/Yb®* co-doped phosphate glass, optically
pumped at 1480 nm, with emission at around 1550 nm, was demonstrated [195]. In-
teresting effects on the laser emission were noticed, due to the interaction between the
WGM modes of the glass sphere and an external metal mirror. Johnson [196] presented
a theoretical treatment of the MDRs of a dielectric sphere in close proximity to a surface
of infinite conductivity and calculated the changes of the locations and widths of the
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Fig. 23. — Magnified image of a microspherical resonator (2R = 150 um) in Er®*T-doped glass,
where the up-converted light propagating in whispering gallery modes is clearly visible.

resonances as the sphere approaches the surface. We decided to further investigate this
phenomenon and we analysed both the wavelength and the intensity of the emitted signal
of a microspherical laser as a function of the distance from a silver or a gold mirror.

The phosphate glass used was an Er3t/Yb3* co-doped phosphate glass (Schott
I0G-2) doped with 2% weight of EryO3 and co-doped with 3% weight of YbyO3. Though
the use of ytterbium co-doping is traditionally associated to 980 nm pumping wavelength,
we chose instead 1480 nm as the pumping wavelength, in order to obtain a good overlap
between the pump and the laser mode volumes in the microsphere. Ytterbium ions were
used only to reduce some of the possible drawbacks of a very high erbium concentration
(1.7 - 10%% ions/cm?), like self-pulsing or concentration quenching [197].

Spheres were produced by fusion of glass powders with a microwave plasma torch.
Powders were injected axially and melt when passing through the flame, superficial ten-
sion forces giving them their spherical form. Free spheres with diameters in the range 10
to 200 pm were collected a few centimetres below. They were then glued to a stretched tip
of an optical fibre (~ 20 ym in diameter), which in turn was mounted on a submicrometer
translational stage.

To excite high-QQ WGMs, light has to be launched from a phase-matched evanescent
wave of an adjacent waveguide such as an angle polished or a tapered fibre or a prism
under total internal reflection [198]. We used a single half-fibre-taper, which couples the
pump light in the microsphere and—at the same time—allows coupling the fluorescence
or laser light out of the microsphere. This half-taper was obtained by heating and
stretching a standard telecommunication fibre until breaking. The drawn length was
typically 850 ym, and the taper end was reduced down to 1.5 um in diameter. The
experimental set-up is sketched in fig. 24(a). The pump is a laser diode (maximum power
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Fig. 24. — (a) Experimental set-up and (b) geometry of the coupling between the microsphere
resonator and a metallic mirror.

1 W) operating around 1.48 um. A WDM X-coupler at 1.48-1.55 um allowed us to use
the same fibre to pump and to collect the fluorescence or the laser signal. This latter was
analyzed with a 70 pm resolution Optical Spectrum Analyzer (OSA). For the experiment
with an external cavity, the metallic flat mirror was mounted on a microtranslational
stage below the micro-sphere (fig. 24(b)).

For any sphere diameter, the optical spectrum of the laser below the threshold showed
an enhancement of the fluorescence intensity and a higher peak density than those ob-
tained coupling light with a prism, as demonstrated in a previous paper [199]. More
modes can thus be excited in the sphere even above threshold. The inset of fig. 25 shows
WGMs laser spectra for an isolated microsphere (d > D) with a diameter D ~ 70 pum.
Peak laser emission is obtained around 1601 nm, corresponding to a rather large gap e
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Fig. 25. — Lasing wavelength vs. relative sphere-to-mirror distance (d is the distance; D is the
diameter of the sphere) around 1601 nm. Inset shows the multimode laser effect with the peak
at 1601 nm for the isolated sphere (D ~ 70 pm).
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and a low pumping ratio. For a lower gap value, associated to a higher pumping ratio,
we obtained laser effects at lower wavelengths [200].

Several papers have been written on WGMs or MDRs, but most of the research has
focused on cases in which the sphere can be considered to be isolated, i.e. there are
no strong perturbing effects from other nearby particles or surfaces. The WGMs of a
sphere resting on a surface or with close neighbouring particles are also of theoretical and
practical interest [199]. Johnson’s theoretical treatment [196] of the MDRs of a dielectric
sphere near a plane of infinite conductivity examines how the locations and widths of
the resonances change as the sphere approaches the surface. If a sphere of diameter D
is initially located at a distance d that is more than approximately 2D /3 away from the
point of contact with the conducting plane, the resonances will have the same locations
and widths as they do in an isolated sphere. Then, as the sphere is brought closer to
and eventually in contact with the surface, the locations and widths of the resonances
change. Most of the change in location and width occurs when the sphere is quite close
to the conducting plane. Approximately 90% of the total resonance shift occurs when
the distance from the point of contact is less than 0.05 of the diameter of the sphere.

In our experiments we used a silver or gold mirror with no dielectric coating over
the reflective surface. This seems to be the closest approximation to the idealized case
of the perfect mirror of infinite conductivity for which the method of images is strictly
valid [199]. At this point, it is important to say that with our experimental set-up, we
cannot go closer to the mirror than d = 3.5 um. This means that, since our typical
size of sphere is D ~ 70 pum, dpin/D = 0.05 and therefore we could not explore the
zone where Johnson predicted 90% of the effect. We noticed, however, an influence of
the mirror on both fluorescence and laser lines for distances up to 2.5 x D. Under the
coupling conditions producing laser emission around 1600 nm, we moved the mirror from
d =175 pum to d = 7um. Correspondingly, we observed a line shift of almost 0.3 nm
towards the lower wavelength, as shown in fig. 25, associated to an enhancement of the
intensity [14]. For a lower wavelength, moving the mirror closer to the microsphere
induced the same “blue shift”, but also caused the laser extinction while increasing the
threshold [200].

10. — Conclusions and perspectives

Photoluminescence properties of rare-earth-doped (RED) glasses are a key factor for
the development of some optical components, like integrated optical amplifiers, whose
characteristics are critical for achieving the flat and broad-band optical gain that seems
needed in future communication systems. RED glasses are also fundamental for the devel-
opment of several kinds of lasers, both in massive and integrated optics format. Erbium-
doped waveguide amplifiers (EDWAS), based on Er®*- or Er3* /Yb3*-doped glasses are
already exhibiting high performances: net gains higher than 4dB/cm and 0.15dB/mW
have been demonstrated in different oxide glasses, and commercially available devices
include 1 x 4 and 1 x 8 amplified splitters/combiners, where the gain produced by the
amplifier compensates the losses intrinsic to the splitting function. The search for more
and more efficient compositions and guiding structures, however, is still going on. In
fact, while the silica-based Er®*-doped fibre amplifiers have driven the revolution in the
transmission capacity of optical communication systems, further bandwidth growth will
require the exploitation of new materials.

The investigation of photoluminescence properties of the RED glasses by absorption,
emission, Raman and Brillouin spectroscopic techniques allowed us to increase more and
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more our knowledge of their basic properties and to address the research of new materi-
als. A few examples have been reported here, concerning glass families of great potential
interest for optical communications systems. A first class is represented by SiOs-HfOq
binary systems: Er3*-doped sol-gel planar waveguides have shown high quantum effi-
ciency and ~ 50 nm FWHM bandwidth around 1.53 pm. A second class is constituted
by soda-lime-alumino-silicate glasses, that combine the very good chemical durability
of silicates and the easy waveguide fabrication process by ion exchange with the better
spectroscopic properties induced by the presence of a relatively high percentage of alu-
minium. An increase up to 60% of the effective fluorescence bandwidth was achieved, and
a high value of quantum efficiency was calculated for these glasses. Finally, Er®*-doped
tellurite glasses turned out to be worth of more attention, due to the broad-band emission
and high emission cross-section, which can allow one to achieve higher and flatter gain
than in other oxide glasses. A major problem, however, remain to be solved in tellurite
glasses, namely how to efficiently manufacture channel waveguides.

We can conclude that, besides their other significant properties, rare-earth elements
are of great importance in the field of optics and that there is a continuous attempt of
exploiting their photoluminescence properties for the development of novel glasses, in
particular aiming at the production of higher-performance broad-band integrated optical
amplifiers.
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