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Chapter 1

Introduction

The activities presented in this thesis are performed in the framework of the Joint Re-
search Program, India-Trento Bose-Romagnosi Program for Advanced Research Research
& Development of Active Bulk and Planar Waveguides based on Nanostructured Glassy
Systems at the School of Physics, University of Hyderabad and the C.S.M.F.O. (Carat-
terizzazione e Sviluppo Materiali per la Fotonica e I’ Optoelettronica) group (CNR-IFN

and Physics Department, University of Trento).

1.1 Motivation

The idea of using glass fiber for carrying out an optical signal for communications orig-
inated with Alexander Graham Bell [1]. However to be useful in practical applications,
this idea had to wait 80 years for the discovery of glasses with low loss and cost-effective
electronics. Development of fibers and devices for optical telecommunication began in the
1960s but the real change came in the 1985 with the discovery of optical fiber amplifier.
With the advent of Wavelength Division Multiplexing (WDM) and Erbium Doped Fiber
Amplifier (EDFA) technology replacing the electronic repeaters, the transmission capac-
ity of a single fiber has increased by transmitting simultaneously through many channels

in the same fiber. In standard EDFA the amplification bandwidth is limited to the emis-



sion bandwidth of Er*™ (1530 and 1560 nm). Hence various active glassy materials are
being extensively explored as hosts for erbium ions and other rare-earths ions in order
to increase their emission band and to exploit the entire low loss region (1300-1700 nm
in new All Wave”* Corning fibers). Moreover, this should be obtained both for long dis-
tance network and for Metropolitan Area Network (MAN), Local Area Network (LAN),
to provide the final customer with fast data access. In fact, to favor the development of
broadband MAN, low cost devices incorporating both active and passive functionalities
are required. Planar technology that has the capability of creating optical waveguides
on suitable substrates may offer a solution to this problem. Furthermore, the complex-
ity and the interconnections of the networks will require subsystems incorporating many
optical devices [2], which also have to be as compact as possible [3]. This led to the idea
of integrated optics (IO) in which several functions are integrated on to a single chip.
Unlike the EDFAs which are few tens of meters long, IO amplifiers should be as short
as possible (few centimeters). Therefore higher rare-earth concentrations are required
as compared to EDFAs [4]. This poses the challenge of controlling the energy transfer
processes in the heavily doped materials used to achieve amplification and minimizing
the non-radiative processes. An optimization of the dopant-matrix system is therefore
necessary. Technology demands the capability of creating channel waveguide in such ac-
tive material. Various technologies have been employed for the fabrication of silica-based
IO components, including ion-exchange, sol-gel, rf-sputtering, flame hydrolysis, chemical
vapor deposition, and pulsed laser deposition [5]. The new emerging technology of laser
direct writing (LDW) of structures and buried waveguides inside the bulk, thin films,
glasses, and polymers using a femtosecond laser promises to be a strong contender for
such applications. In contrast to the above mentioned standard manufacturing meth-
ods such as physical-vapor deposition or ion exchange, the direct write approach is not
restricted to the surface and can yield truly three-dimensional (3-D) structures. Fem-

tosecond (fsec) pulses possess the unique ability to precisely deposit energy inside the



material. This ultrafast interaction does not require specially prepared or photosensitive
materials and has the capability of realizing 3-D photonic structures in diverse materials
at arbitrary depth inside the bulk substrate.

In this context, various novel host glass materials doped with Erbium are being inves-
tigated with much attention for development of gain elements involving the Er3* intra-4f
emission at 1.54 p m, in the ultra-low loss telecommunication window. The research

work was carried out on various novel active glasses with the following main objectives,

e to find novel suitable host material for Er3* ions,
e to achieve Er*" luminescence enhancement using Silver as sensitizer, and

e to fabricate waveguides, micro-structures by LDW in various glasses.

1.2 Thesis - outline:

The thesis has been written in way that each chapter is self-consistent and at the same
time all chapters together present a collective picture envisioning the aims stated above.
Apart from motivation and thesis outline, the later part of this chapter (Chapter one)
gives a brief introduction, overview of glasses and rare-earths from the point of view of
development of a suitable host material for Er3*.

Second chapter discusses the results of the spectroscopic characterization of Bac-
carat glasses and Tellurite glasses and their merits. The Baccarat-modified silica glass
with optimal Erbium (Er) activation, proves to be a valuable candidate for applications
in telecommunication systems with good spectroscopic properties and high quantum ef-
ficiency close to 80%. Tellurite glasses have high refractive index compared to silicate
glasses. This induces the increase of local field around the rare earth ion causing the
enhancement of the radiative transitions and a wider splitting of Stark sublevels. Con-
sequently greater efficiency and broadening of the emission shape is observed. These

properties were proved to be valuable for WDM applications.



Third chapter concentrates on the energy transfer mechanism from silver to Erbium
in Ag ion exchanged sodium silicate glasses and Er activated phosphate glasses, co-
doped with silver. As the rare-earth ions have small absorption cross section, in order to
improve luminescence yield several attempts were made to increase these ions excitation
efficiency. Luminescence enhancement is obtained by energy transfer mechanism from a
species with a large absorption cross section to the rare earth ion [6]. Enhancement of
the Er luminescence was obtained in Ag-ion exchanged Silicate glass upon exciting at
476.5 nm. Silver and erbium co-doped sodium metaphosphate glasses were prepared by
standard melt-quench technique. The excitation spectra of the 1.5 1 m luminescence of
Er demonstrated energy transfer from Ag aggregates to Er, though it is weak as compared
to Silicate glasses.

Fourth chapter focuses on Laser Direct Writing(LDW) of micro-structures, waveg-
uides in glasses. The ability of LDW to pattern (process, deposit, dispense, or remove)
materials in three dimensions and in a pre-determined manner is attractive for several
important applications in photonics and microfluidics. A home built set-up for LDW
of optical waveguides by femtosecond (fsec)laser was optimized and buried waveguides
were written in various glasses. The fsec-laser used for LDW has a central wavelength
of 800 nm, 100 fsec pulse duration, and 1 kHz repetition rate with the amplified pulses
having output energy up to 1 m J. By optimizing the parameters like laser intensity,
sample translation speed, and the input beam diameter waveguides with dimensions of
1- 10 microns were achieved. By placing a slit (of appropriate dimension) before the
microscope objective, a structure of width 750 nm (less than diffraction limit) is written
in Baccarat glass. Various micro-structures like hexagons, quadrilaterals, and gratings
are inscribed in fused silica glass. The change in refractive index is measured to be of
the order of 1073 from the measurements of diffraction efficiency of the gratings in fused
silica, Baccarat, GE124, tellurite and Foturan glasses. This chapter also presents the

micro-raman characterization, absorption spectra and confocal photoluminescence study



of microstructures and waveguides inscribed into various glasses. Waveguiding is demon-
strated in structures inscribed in Baccarat glass by beam shaping of the femtosecond
laser by placing a rectangular slit before the focusing objective.

Fifth chapter summarizes the work done and lists the most significant results ob-

tained along with a brief description of the future perspectives.



1.3 A brief overview of Glasses and Rare-earths

1.3.1 Glasses:

Glass can be defined as an amorphous solid completely lacking in long range, periodic
atomic structure and exhibiting a region of glass transformation behavior [7] Glass was
found more than 5000 years ago and since then it has been widely used in daily life. Glass
is one of the most important materials in optics. As a passive component it is being used
in optical fibers, lenses, mirror substrates and prisms etc.

With the development of integrated-optics glasses are being used with active func-
tionalities, such as in light amplification, optical storage, ultrafast-optical switching and
various modulations of light [6]

Glass belongs to the class of amorphous materials. This is a state of matter that
possesses most of the macroscopic and thermodynamic properties of the solid state, while
displaying the structural disorder and isotropic behavior of a liquid. It is also referred
to as super cooled liquid. It lacks the periodic arrangement of constituent atoms. In a

crystal, the atoms are arranged in a periodic pattern that repeats up to infinity.
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Quartz the major natural crystalline form of silica (Si02) is a periodic structure of
tetrahedron where Si atom occupies the center and oxygen atoms are on the apex. A
regular network in a plane representation is given schematically below in Figure 1.1.
Silica glass on the other hand is made from the same elemental tetrahedron except that
there is no apparent regularity in the construction of this network. Many compounds,
such as SiOq, B5Og3, and P50Oj, readily form glasses by themselves and are called glass-
formers or network formers [36, 37]. Some oxides, which are called network modifiers,
cannot form a glass by themselves but they can form a glass when mixed with network
formers. Oxides of alkali metals or alkali-earth metals are examples of typical network
modifiers. When network modifiers are added to the glass they can modify the network,
they break up the continuous network by introducing dangling or non-bridging oxygens
(NBO). Though 99% of the practical glasses in terms of volume and types are produced
by 'melt-quenching’ technique [10], there are other processes by which glasses are realized.
Some of the other main methods are (a)Vapor deposition (b) Sol-gel processing and (c)
neutron irradiation of crystalline materials. Most of the traditional glasses are inorganic
and non-metallic, but currently there are vast number of organic glasses in use and
metallic glasses are becoming more common [7]. Some of the main features by which the

glasses are qualified[10] are given below .

(1)Structural features:

e Atomic arrangement: Due to their peculiar arrangement of atoms, glasses can
neither be classified into crystal nor into as liquids. This lack of regularity of atomic
arrangement, has to be taken into account to understand the relevant physical and
chemical features, by which glasses have some special properties. Since active
ions doped in a glass occupy positions similar to the modifier ions, the absorption
and emission spectra, if any, are broader than those from active ions doped in a

crystalline materials, a feature which is often advantageous in preparation of special



glasses.

e Chemical composition: The other important feature attributed to the unique-
ness of glass is the flexibility of the chemical composition. Unlike crystalline materi-
als, there is no requirement of stoichiometry among constituents provided that there
is electrical neutrality over the whole structure of a glass is maintained. Further the
ability to modify the properties of a glass through ion-exchange, for example the
movement of alkali ions within a glass structure gives us the flexibility to replace

the alkali ions by other ions of same valence, i.e. Na®™ by K™ or Ag™ etc.

(2) Thermodynamic features:

e Glass transition: A glass is a thermodynamically metastable material which
remains untransformed to its most stable state due to the hinderance of the atomic
re-arrangement during the process of glass formation. The transition from a viscous
liquid to a solid glass is called ’glass transition’, and the temperature at which this
occurs is called glass transition temperature ( T, ). Conversely, T, can also be
thought as the temperature at which the solid begins to behave as viscoelastic solid

on heating [7]. T, is not a constant, it depends on thermal history of the sample.

e Thermal stability and structural relaxation: A glass obtained by cooling a
liquid can be transformed into crystal when heated well above the T,. If the tem-
perature of heating is close to T, the glass remains un-crystallized but undergoes

atomic re-arrangement called structural relaxation.

(3)Optical features:

10



e Transparency: As the intrinsic scattering losses of a glass is very small, the glass
in principle, is transparent to light in the wavelength region where there is no
intrinsic absorption. Glasses of oxides and fluorides systems that have a wide gap
between the conduction and valence bands are generally transparent to light in the
visible and near infrared regions, where as those of the chalcogenide system have
narrower band gaps are generally translucent in visible region but transparent in
the near infrared and infrared regions. The loss value is sum of the intrinsic loss and
the extrinsic loss attributed to absorption by impure atoms and scattering loss due
to compositional heterogeneity, etc. Majority of impurities that cause absorption

loss are transitional metal ions and water.

e Linear and non-linear refractive index and dispersion: Refractive index is
another important property to be considered with respect to the optical features of
glass. It is correlated with electric dipole moment induced by the electromagnetic
interaction of constituent atoms and molecules with light. The phenomenologically
observed intensity dependant refractive index is given by, n = ng -+ n, I, where
I is the average beam intensity in units of ( W / cm?), ng is the linear refractive

index and n, is the nonlinear refractive index.

1.3.2 Rare-earths:

The elements in the periodic table with the atomic number from 57 to 71 are known as
the lanthanides. They belong to the broader class of elements known as the rare-earths,
which also includes the actinides. The electronic configuration of the neutral lanthanides
possess the common feature of a Xe configuration with three outer electrons 5d6s? and
n electrons in the 4f shell, with 1 < n < 13. Lanthanides are chiefly trivalent and
when ionized, the outer electrons 5d6s? are removed and the triply ionized elements have
the configuration [Xe] 4f". Though other valance states are also known but they are

much less stable. The closed 5s and 5p shells effectively shield the 4f shell. The ligand
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Figure 1.2: Energy Level diagram of Lanthanides [11]

field of the glass has only very weak influence on the electronic cloud of the lanthanide
ion, which makes their spectroscopic properties very similar in all glassy and crystalline

environments.

Figure 1.3.2 shows energy level diagrams for the isolated 3+ ions of each of the 13
lanthanides with partially filled 4f orbitals from cerium to ytterbium. As one progresses
along this series, the average radius of the 4f shell slowly decreases. This phenomenon is
known as lanthanide contraction. The observed absorption and fluorescence is because
of the intra-configurational f-f transitions. The excited state lifetimes of rare-earths in
glasses can be as long as 10ms and can have high fluorescence efficiencies Rare-earth ion

luminescence is by no means a new field; sharp luminescence bands from the lanthanides
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have been known since the beginning of the 20th century. The energy levels of the
lanthanide ions in a range of crystals were extensively investigated and tabulated by
Dieke and co-workers in 1968 [14], and the rare-earths have been widely used as the active
ions in phosphors for several decades. The most common Cathode ray tube phosphors
exploit the visible transitions of the triply charged ions of erbium (Er?"), europium
(Eu®"), terbium (Th*") and cerium (Ce®") to produce the saturated red, green and blue
required for full colour display. There is therefore a substantial body of work on the use
of rare-earth ions as phosphor activators, and this is a mature technology. Moving on
from this, chronologically speaking, much research in the 1960s was concerned with the
development of solid-state lasers exploiting the luminescence of rare-earth ions in glasses
and crystals. The Nd:YAG laser is perhaps the most notable success from this period,
and there is continued interest in novel rare-earth doped materials for lasers. Nd:glass
lasers are widely used in very high power applications such as fusion research, and other
rareearths such as holmium and praseodymium have found uses in fibre lasers and lasers
for medical applications. More recently, however, optoelectronics has emerged as the
principal area of research into rare-earth luminescence. This covers applications such
as telecommunications, chip-to-chip and on-chip interconnects and optical memories. In
recent years most of the interest in luminescent rare-earth ions has concentrated on one
species: trivalent erbium, and in particular its emission band around 1.53 p m. The
reasons for this are clear if one considers the rapid growth in optical telecommunications
and some of the materials limitations on this technology. The loss spectrum of silica
fibre as seen in Figure 1.3.2 has two low loss windows : one between 1200 and 1350
nm, and a second (termed the ultra low-loss window ) around 1450 1600nm. These
are produced by the combined effects of losses due to Rayleigh scattering, overtones of
the hydroxyl absorption, bending losses and infrared absorption due to the SiO species.
The 1500nm window is the wavelength region of choice for telecommunications, and

fortuitously coincides with the 1535nm intra-4f “Iy5/5 - *I5/2 transition of the Er** ion.
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For this reason there has been intense interest in utilizing erbium doped materials for gain
elements and sources in telecommunications systems. The development of the EDFA in
the late 1980s [15, 16] exploited the 4113/2 - 4115/2 transition and allowed the transmission
and amplification of signals in the 1530 «<» 1560 nm region without the necessity for
expensive optical to electrical conversion [17]. It offered several advantages over electrical
amplification, including the capability to produce gain at many different wavelengths
simultaneously; a key requirement for WDM. The silica EDFA has been a tremendous

success.

1.3.3 Rare-earths in glasses

Rare-earth luminescence was first reported in glasses and crystals, and rare earths (par-
ticularly erbium) in waveguide materials remain the most important and thoroughly re-
searched application of rare-earth ions for optoelectronics. Oxide glasses are well known
as excellent hosts for rare-earth ions: one of the first solid-state lasers was demonstrated

in 1961 in Nd*" - doped glass [16]. Lasing in a Nd** - doped multi-component glass

14



fibre was reported three years later [17]. The same material structure was exploited to
demonstrate the first thin-film waveguide glass amplifier, in 1972 [18], and the first inte-
grated optical glass laser, in 1974 [19]. The interest for Er** - doped glasses arose quite
later, in the late 1980s, when the main operational wavelength for optical-fibre commu-
nication systems shifted towards the 1.5 pym band [20]. Since then, many remarkable
results in the development of more efficient glass matrices and in the actual fabrication

of rare-earthdoped glass integrated optical amplifiers have been achieved[11].

Limiting factors

Some of the most important limiting factors to be considered in case of the rare-earths

being doped in solid hosts 9 glasses) are as follows [18, 22]

e Phonon interactions: Multiphonon relaxation can rapidly depopulate the up-
per excited state and therefore readily quench luminescence [18]. Such processes
only occur when a small number of phonons are required to bridge the energy gap
between the pair of electronic states of the rare-earth ion. As a guide, it is gen-
erally held that if the phonon cut-off energy of the matrix is greater than 25% of
the energy gap (A F), rare-earth luminescence will be completely quenched. For
phonon cut-off energies between 10% and 25% of A E, quenching will result in
a temperature-dependent luminescence lifetime, whilst for phonon cut-off energies
smaller than 10% the contribution of multiphonon relaxation will be negligible [19].
The importance of multiphonon processes therefore depends strongly on both the
host material and the electronic structure of the rare-earth. In the case of erbium,
the energy gap of the *Ij3/s to “Ij5s transition is approximately 6500 cm™'. The
phonon cut-off energy of silica is 1100 cm ™!, and therefore the rare-earth lumines-
cence at 1535 nm is only weakly quenched at room temperature. The presence of
OH™ ion also leads to luminescence quenching. The bands characteristic of the OH™

groups in silicate glasses, are generally observed at 3670 and 3750 cm™!. The *I;5 /2
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luminescence (at 6500cm™") of OH™-coordinated Er®" ions is completely quenched

by two phonon-OH mechanism.

Rare-earth solubility in solid hosts: Beyond critical concentrations, rare-earth
ions tend to form precipitates in most solid hosts. These can either take the form
of clusters of rare-earth ions, as in the often macroscopic rare-earth aggregates ob-
served in Er-doped silica, or can be compounds or alloys formed with one component
of the host matrix. Upper limits are therefore placed on rare-earth concentrations

in solid hosts.

Ion — ion interactions: A characteristic of the rare-earth ions is their tendency to
ion — ion interactions [18]. These can either be between ions of the same rare-earth
(as is the case in clustered material), or between different ions (as in the sensitiza-
tion of one rare-earth ion by another). The former constitutes a loss mechanism,
increasing non-radiative decay channels or luminescence from unwanted transitions.
The latter can be employed in novel pumping schemes whereby excitation is pro-
vided to one species and transferred to another, allowing a wider selection of pump
sources to be used. Examples of such mechanisms are the Er/Yb co-doping schemes
adopted to increase the luminescence efficiency of the Er®* ion by coupling to the
absorption bands of the Yb co-dopant. Introducing a second rare-earth dopant
can also provide the added bonus of inhibiting aggregation of the emitting species

through the formation of a solvation shell.

Co-operative upconversion: Ions in the metastable state decaying to the
ground state can couple in such a way that the decay of ion 1 promotes nearby
ion 2 into a higher level (Figurel.4(a)). Once in the higher state, ion 2 may then
decay rapidly and non-radiatively, or alternatively return to the metastable state
and subsequently emits light. In the case of oxide glasses, the relaxation is rapid

and non-radiative, and hence the result of co-operative upconversion is to lose an

18



excitation to heat.

Energy migration: An ion in the metastable state can interact with a nearby
ground state ion, promoting it to the *I;3/, level (Figure 1.4(b)). Although radia-
tive emission may still occur from the second ion, the probability of non-radiative
decay is increased with each successive transfer, and hence this constitutes a loss
mechanism. Dipoledipole ForsterDexter interactions are responsible for this pro-
cess, and therefore energy migration is again strongly dependent on rareearth ion

concentration.

Cross relaxation: This is the process whereby excitation energy from an ion
decaying from a highly excited state promotes a nearby ion from the ground state
to the metastable level. In erbium, the energy gap between the *I, /2 and 132 levels
is close to that between the I3 /2 and 45 /2 levels. As a result, at sufficiently high
erbium concentrations, the population of the metastable state may be increased by
the decay of an ion from the “Ig/; level and the consequent promotion of a nearby

ion from the ground state (Figure 1.4(c)).

Excited state absorption: Given a sufficiently long upper state lifetime, inter-
action with photons of the appropriate wavelength can promote electrons in the
excited state to higher lying levels resonant with the incident photon energy. An
ion can therefore be promoted to higher lying electronic levels from which it may
return to the metastable state by multiphonon relaxation or radiative decay. How-
ever, in the process one of the two absorbed photons has been lost as either heat or
emission at a different wavelength from the metastable-to-ground state transition.
For the purposes of optical amplification, therefore, excited state absorption con-
stitutes a loss mechanism: two photons are absorbed with only one emitted, and

much research is therefore directed to it.
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As optical transitions involving ions in the excited state originate from a level other
than the ground state, the absorption spectrum of excited state ions is very different
from that of those in the ground state. Energy gaps are in this case relative to the
excited level rather than the ground state. Fig. 1.5 illustrates this for Er3* by
tabulating the major absorption bands originating on both the *I;5 /2 grant state
and the 41,5 2 metastable state. Note particularly the coincidence of the Ty /2 to
113/ transition at 800 nm and that at 790 nm due to the “Iy3/5 to *S3/o transition.
Excited state absorption at 800 nm depopulates the metastable state, and as a

result, this is not widely used as a pump wavelength.
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Chapter 2

Optical Spectroscopic

Characterization of glasses

INTRODUCTION

During the past decades, a great interest has been devoted to erbium-doped mate-
rials due to their availability for telecommunications applications [1-3]. In particular,
much attention has been focused on erbium-doped glasses for the development of gain
elements involving the Er*" intra-4f emission at 1.54 1 m, in the so-called ultra low-loss
telecommunication window, extending from around 1450 to 1600 nm. This research ac-
tivity mainly aimed to identify the key parameters acting on the performance of fiber
amplifiers [4]. Among these parameters, the host glass composition plays a crucial role
on the amplification efficiency [1]. Actually, the performance of gain elements, such as
erbium-doped glasses, is governed by the relevant electronic and optical properties of the
active ion on which the host material has a significant influence: cross sections, spectral
shapes of the emission and absorption bands, excited state lifetimes, interaction between
active ions and their environment.

The results of optical spectroscopic characterisation of Er activated modified silicate glass
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( 'Baccarat’) and Zinc-Tellurite glass are presented in detail in the corresponding first

and second sections of this chapter.

2.1 Baccarat: Modified silicate glass

Though solids of different natures have been employed as host for erbium ions, in view to
obtain the signal amplification required in optical communication devices, silica glass still
remains one of the more suitable hosts. In addition to a high transparency around 1.5 p
m and chemical durability, the long lifetime of the Er** *I;3/5 metastable level permits the
high-population inversions that are necessarily involved in the optical amplifiers claiming

high-gain and low signal-to-noise.

2.1.1 Sample composition

The glasses have been produced at Cristallerie Baccarat by a conventional melt-quenching
technique with the following molar composition: 77.29 Si02: 11.86 K20: 10.37 PbO: 0.48
Sb203. Two different sets of samples were produced, containing 0.2 and 0.5 mol% Er3*
ions, respectively labeled BO2 and B05. The density of the samples has been measured by
a gas pycnometer. The Er®* concentrations have been determined in each case taking into
account both the nominal composition and the measured density of the glass. Refractive
index value at several wavelengths has been measured with an accuracy of 0.001 and a
resolution of 0.0005, using a standard prism coupling method [6]. Refractive index, Er?*

concentration, and density of the Baccarat glasses are reported in Table 2.1.1.

Optical absorption experiments were performed at room temperature from the ul-
traviolet to the near infrared spectral range with a double beam spectro-photometer
(UV-Vis-NIR Cary 5000 Varian). The Fourier Transform Infrared (FTIR) spectroscopy

measurements were carried out by using a JASCO FTIR-660 plus spectrometer with a
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Table 2.1: Refractive index, Er** concentration, and density of the Baccarat glasses B02,
B05

Sample labeling B02 B05
Density [g/cm3] 3.049 £0.001 | 3.083+0.006
Er*" -concentration [cm ™| 8.9 1019 2.2 1020
Refractive index [+ 0.0005]@

457 nm 1.5762 1.5767
488 nm 1.5723 1.5732
514 nm 1.5688 1.5696
543.5 nm 1.5651 1.5657
632.8 nm 1.5602 1.5610
1319 nm 1.5448 1.5456
1542 nm 1.5427 1.5427

!, The polarized VV and depolarized HV Raman spectra were

resolution set to 4 cm™
obtained by exciting the samples with the 488 nm line of an Ar™ - ion laser. The signal
was selected by a double monochromator and analyzed by a photon-counting system.
The 514.5 nm line of an Ar™ - ion laser and the 980 nm line of a Ti:Sapphire laser
were used as excitation sources for near infrared photoluminescence (PL) spectroscopy
measurements. A Triax 320-mm-focal-length single-grating monochromator was used to
disperse the luminescence light onto an InGaAs photodiode and the signal acquisition
was performed using a standard lock-in technique. To measure the PL decay of the ex-

cited *I;3 /2 level, the cw excitation laser was pulsed with a mechanical chopper and data

were acquired with a digital oscilloscope

2.1.2 Results and Discussion

The refractive index dispersion of Baccarat glasses have been calculated using the con-

ventional Sellmeier dispersion equation [6, 7] given as

A B
n(A) = ST +C + DN + EX (2.1)
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Figure 2.1: Refractive index dispersion of B02 (squares) and B05 (circles) glasses. The
dot lines represent the result of the fit of the data to Sellmeier dispersion equation

where n(\) is the refractive index measured at the wavelength A\. The measured values of
the refractive index are substituted into the above dispersion equation and the coefficients
A - E are determined by the least squares method. Figure 2.1 shows the refractive index
dispersion curves for B02 and B05 glasses. Figure 2.2 shows the Raman spectra of the B02
sample collected in the VV and HV polarizations by exciting at 488 nm. The scattering of
light was observed along a direction perpendicular to the laser beam. The Raman bands
are characteristic of silica modified glasses exhibiting an intense Boson peak due to the
high polarizability of the lead. The intensity of elastic scattering was relatively weak,
so that it was possible to observe the Raman scattering from a frequency lower than

2 ecm~ L

Furthermore, the intensity of elastic light scattering for crossed polarizations
(polarization of scattered light perpendicular to that of incident light) was almost invisible
in this configuration. That means that only the Rayleigh light was observed in the other

configurations (parallel polarizations). This last point is a convincing test of the perfect
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Figure 2.2: Raman spectra of the B02 sample collected in the VV and HV polarizations
by exciting at 488 nm.
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transparency of the Baccarat glass. The UV-Vis-NIR absorption spectrum obtained for
the B02 glass is plotted on Figure 2.3(A). The spectrum is characteristic of Er**-doped
oxide glasses [10]. The absorption bands are identified with the transitions from the 41,5 /2
ground state to the excited states of the Er®" ions. In particular the band located at
around 1540 nm is related to the *Ij55 — “Iy3/2 transition of the trivalent erbium ion.
Several Stark structures of the erbium absorption band at 1.5 pum are clearly resolved
[10]. The absorption spectrum of the B02 glass sample reported in Figure 2.3(B) has
been obtained from FTIR measurements in order to extend the previous plot to the
infrared region up to the multi-phonon absorption edge which is, for this glass, at around
4500 nm. These samples present a wide transparency region extending from 350 up to
2700 nm. The absorption spectra obtained for the B05 sample are similar, except for the
band intensities, which depend on the rare earths concentration. The spectrum of Figure
2.3(B) shows the multi-phonon tail of the absorption edge, which partially overlaps the
wide band (3000-3700 cm™!) assigned to the presence of hydroxyl groups in the glass
matrix, centered at about 3570 cm™! [13, 14]. The amplitude of this fundamental OH

stretching band allows the estimation of the OH concentration by the Beer-Lambert law

C = (o 0.434) (i) (2.2)

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. Unfortu-
nately, shape and intensity of the OH absorption band strongly depend on the glass
composition [13, 14] and as a consequence the evaluation of the extinction coefficient is
not an easy task. However, we can give a rough estimation of water content assuming
that the value of the extinction coefficient is comparable to what it is found for alu-
minosilicate glasses [13] and andesitic glasses [13, 14]. Taking a value of the extinction
coefficient €3570nm ~ 70 lyass /moloy cMyqss and o ~ 1 cm ! the resulting Cox concen-

tration is low as 6 x 107% mol cm ™3, which corresponds to an OH content of about 3.6
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Figure 2.3: (A) Room temperature absorption spectrum in the UV-Vis-NIR spectral
region of the B02 sample. Some of the final states of the *I;5, — **™'L; transitions are
labeled; (B) extension of the absorption spectrum of the same sample in the IR region
obtained from FTIR measurement.
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x 10" c¢m™3. The PL spectra for the two samples in the region of the *Ij3/5 — *Ij52
transition of Er®* ions, obtained upon excitation at 514.5 nm with an excitation power
of 180 mW, are shown in Figure 2.4. The PL spectra are almost identical and exhibit a
main emission peak at 1537 nm. The spectral width of the two emission bands measured
at 3 dB from the maximum of the intensity is 18 £ 1 nm. The spectral width of the
emission bands is due to Stark splitting of the excited and ground states plus additional
inhomogeneous and homogeneous broadening [3, 8] and the Stark structures at 1490,
1542, 1567 and 1617 nm appear well defined. This result indicates that Er3* ions occupy
sites characterized by similar local environment so that inhomogeneous broadening is not
as important with respect to the amount of the Stark splitting. Moreover, it is recognized
that the homogeneous broadening is dominant in silicate glasses [2]. No change in the
spectroscopic features of the 1.5 pym emission was observed exciting at 980 nm.

No upconversion signal has been detected from Baccarat Er**-doped glass upon 980
nm excitation. Characteristic green upconverted luminescence was not observed, even
exciting the more concentrated sample B05 at 980 nm, with a pump power of around 400
mW and a beam waist of about 50 gm. An important issue in the optimisation of ma-
terial and component design is the reduction of the energy transfer upconversion (ETU)
mechanism stemming from the clustering of the Er3* ions. The intracluster ETU occurs
on a submicrosecond time scale due to short interionic distance. The non-appearance of
upconversion in Baccarat glasses indicate that most of Er®* ions are homogeneously dis-
tributed and that interaction clusters as well as chemical clusters are practically absent
[16, 18]. Figure 2.5 reports the luminescence decay curves from the I;3 /2 state of Er®*
ion in B02 and B05 samples, obtained upon excitation at 514.5 nm with an excitation
power of 180 mW. The same decay profile was measured upon 980 nm excitation. Both
the decay curves exhibit a single-exponential behavior. For the B05 sample doped with
0.5 mol % of erbium a lifetime of 11.5 £ 0.1 ms was measured and the sample B02 doped

with 0.2 mol % of erbium exhibits a lifetime of 14.2 4+ 0.1 ms. Such a measured lifetime
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Figure 2.4: Normalized room temperature photoluminescence spectra of the 41,3 /2 —
s /2 transition of Er3* ion for the B02 and B05 samples, obtained by exciting at 514.5
nm.
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Figure 2.5: Room temperature luminescence decay curve from the 41,5 sostate of Er3t ion
in of B02 (squares) and B05 (circles) samples obtained after pumping at 514.5 nm with
an excitation power of 180 mW. The solid lines represent single exponential decay fit to
the experimental data.

is very close to the highest values which have already been reported for erbium in silicate
glass hosts: 14.5 ms in Silicate L-22 [1] and 14.7 ms in Silicate [15] are typical values
found in the literature. The measured lifetime (7,,¢s) must be compared with the radia-
tive lifetime, 7,44, to obtain the radiative quantum efficiency QE defined by the ratio of
the measured to the radiative lifetime:QFE = % The value of 7,44 can be calculated via
different theoretical approaches and numerical analysis. The so-called Judd-Ofelt [16,
17] theory yields an estimation of the oscillator strength characterizing the intensity of
a transition between two 2*1L; multiplets. The intensity parameters Q,, called Judd-

Ofelt parameters, are obtained by the chi-square method [18, 19]. The radiative lifetime

of the Er*t 1,3, metastable state are obtained from the oscillator strength of the *I;3/,
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Table 2.2: Intensity parameters €2, (in units of 10-20 cm2) Baccarat glass activated by
0.2 mol% Er®* (sample B02) and 0.5 mol% Er** (sample B05).

Sample | €2y Qy Qg I.I0.S.
B02 [3.36]0.75|0.17]1.3810°7
BO5 |[3.19] 0.56 | 0.16 | 6.5 1078

— 4 /2 transition. Both electric and magnetic dipole contributions of the spontaneous
emission probability are considered in the calculation of the radiative lifetime.

Table 3.2 reports the obtained Judd-Ofelt parameters together with the root mean
square (r.m.s.) deviations of the oscillator strengths [18]. The radiative lifetimes obtained
from the Judd-Ofelt theory are given in Table 3. The second approach consists in a two-
level system for which gl and g2 are the degeneracies of the lower state 1 and the upper
state 2, respectively.

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 A21 as the corresponding transition rate
(Einstein A coefficient), the radiative lifetime of the upper state 2 is given by [20]:

1
— = AQl = 81 ﬂ/0'12<I/)dy (23)

To1 A2 gy
where \ = % is the wavelength of transition in the medium (), is the wavelength, n
refractive index in vacuum) and o15(v)is the absorption cross section at a frequencywv.
Although the conditions involved in the two-level model are not satisfied in the case of the
1372 — *L15/2 Er*" transition, the radiative lifetimes calculated from this model are in
good agreement with the ones obtained from the Judd-Ofelt theory (see Table 2.3), like it
has already been verified in various erbium-doped glasses such as germanate, phosphate,

silicate or tellurite [21]. The last method employed here to access to a quantitative
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Table 2.3: Calculated 7,44

lifetimes and radiative quantum efficiency of the Er?*

15 /2 metastable level from various methods: the standard Judd-Ofelt analysis, a simple
method based on the Einsteins relation for the emission probability of a two-level system
and the approximate McCumber procedure.

Sample label

Measured lifetime

Judd- Ofelt model

Einstein Model

McCumber model

Tmes (ms) Trad (QE) Trad (QE) Trad (QE>
B02 14.240.1 17.8 (79.8%) 18.9 (75.1%) 20.1(70.6%)
B05 11.540.1 18.4 (62.5%) 17.9 (64.2%) 19.3 (59.6%)

estimation of the Er*t *I;3, level lifetime is based on the Mc Cumber theory [22] and
developed by Miniscalco and Quimby [23]. The absorption cross section, o4, and the

emission cross section, o, are related according to the following relationship [22]:

Oem(V) = Oaps(v)eE~M/ET (2.4)

where ¢ is the 41,5 /2 — o I /2 transition energy at temperature T. The radiative lifetime

of the Er** #1;3/, level can then be calculated from

1 - 8mn?

2
5 /1/ Oem (V)dv

(2.5)

Trad &

The emission cross section obtained for the B02 glass is plotted in Figure 2.6, as function
of wavelength, together with the absorption cross section for comparison. In Table 2.3 are
reported calculated rad lifetimes of the Er3* 414 /2 metastable level from various methods:
the standard Judd-Ofelt analysis [16, 17], a simple method based on the Einsteins relation
for the emission probability of a two-level system [21] and the approximate McCumber

procedure [4, 22, 23].

As seen in Table 2.1.2, the lifetimes that have been calculated using the approximate

treatment based on the McCumber theory are slightly higher than the ones estimated
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Figure 2.6: Absorption and calculated emission cross sections of Er** ion at 1.5 pum in
the B02 glass.

with the previous methods, especially for the B02 glass. However, the various methods
considered here for calculating 7,,4 gives some results in good agreement between them
in despite of the different treatments employed from one method to the other. The
average between the result of the three model give a radiative QE of the Er?* 4113/2
metastable level of about 62 % for the B05 glass and of about 75 % for the B02 glass.
For the B02 glass, QE reaches very high values, up to 79.8 % in the case of a calculation
based on the Judd-Ofelt theory. Such high quantum efficiency has already been observed
in Er¥*-doped tellurite glasses [19], but remains among the highest quantum efficiencies
estimated in pure or modified-silica host glasses.

Figure 2.6 shows the calculated absorption and emission cross sections for the B02

Baccarat glass. The calculated emission cross sections are very similar to those calculated
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Figure 2.7: Calculated internal gain coefficient versus wavelength in the B02 glass for
different values of the fractional upper-state population N2/N indicated on the graph for
each curve.

for other silicate systems [1, 4]. The internal gain coefficient g at wavelength A can be
estimated by means of the formula [4] g(\) = 0 (A)N2045(A) N1 where N1 and N2 are
the densities of ions in the ground state and the excited state, respectively. (N14+ N2 =
N, N being the density of erbium ions). In the case of total inversion (N2 = N), at 1537
nm we obtain a internal gain coefficient of about 2.0 dB. Figure 2.7 report the internal
gain curves versus wavelength for the B02 glass at different values of the fractional upper-
state population N2/N. The change in the upper-state population strongly modifies the
internal gain coefficient of the glass in the full 1460-1580 nm spectral range, in fact, 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 [4].
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2.2 Zinc-Tellurite glasses

Erbium-doped tellurite glasses have optical and chemical properties suitable for optical
applications . High linear and non-linear indices of refraction, relatively low phonon en-
ergy spectra, many valence states of tellurium, good infrared transmittance, and chemical
durability make them promising candidates for fiber laser and optical amplifier devices
[25] In pure tellurite glasses, the main structural unit consists of a TeO4 trigonal bypyra-
mid (figure 2.8) [26, 27|, where the two atoms of oxygen at the vertex of the pyramids
are called axial and the other two equatorial. The glassy network is created by the fact
that any oxygen atom is shared between two different bypyramids, once in equatorial and
once in axial position. However, modifier ions are usually added in the glass fabrication;
they play a role in breaking the oxygen bonds (figure 2.8 (b)), (in particular elements
of the first and second group Na, Li), and also in creating new structural units (Zn, Pb,
W) [26, 28, 29]. In both the cases, the increased disorder allows an easier vetrification
process.

The interest in rare earth activated tellurite glasses as materials for optical amplifiers
in the second and third telecommunication windows dates from the work of Wang et
al.[30], who compared the features of tellurite glasses with those of silicate and fluoride.
Two physical properties are mainly responsible for this interest: the high value of the
refractive index (around 2) and the low maximum phonon energy ( around 700 cm™!)
(depending on the modifier ions). In fact, the higher refractive index induces an increase
of the local electric field that rare earth ions experience [31]. In turn, this causes both
an enhancement of the radiative transition rates and a wider splitting of Stark sublevels.
The first effect leads to a greater efficiency of photon emissions with respect to other
non radiative decays, the second one to a broadening of the emission shape, which for
erbium ions extends in the L-band. Moreover, the already discussed complex structure
of the tellurite glasses allows a great variety of sites for the active ions increasing the

inhomogeneous broadening of the lines [32]. In this section we will investigate the spec-
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Figure 2.8: Basic coordination polyhedron in vitreous TeO2. b) Deformation and break-
ing of the TeO2 chains by a modifier.

troscopic properties of Er3T activated TeO2 ZnO glasses. Presence of self-absorption is

also discussed.

2.2.1 Sample composition

Glasses were prepared from oxide powders of TeO2, ZnO and Er203 as starting materials
using the conventional melt-quenching method. The nominal composition of the glasses
is 65 TeO, - 35 ZnO, the amount of dopant was varied from 0.5 molar % to 3 molar
% The refractive index of the glasses were measured by prism-coupling method and the

values at the indicated wavelength are given in the table 2.4.
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Table 2.4: Density, Er®* concentration, and Refractive index of the Zinc-Tellurite glasses

Sample label ZT | ZT05 | ZT10 | ZT20 | ZT30
Er Molar% 0 0.5 1 2 3
Density 5476 | 5519 | 5624

Refractive Index : - - - _ _
@ wavelength (nm)

543.5 (nm) 2.0492 | 2.076 | 2.0748 | 2.0657 | 2.0561
632.8 (nm) 2.0302 | 2.055 | 2.0542 | 2.0454 | 2.0374
1319 (nm) 1.9894 | 2.006 | 2.0053 | 1.9982 | 1.991
1542 (nm) 1.9872 | 2.002 | 2.0015 | 1.9938 | 1.9866

2.2.2 Results and Discussions

The figure 2.9 is the absorption spectrum of ZT30 ( doped with highest Er** [3 molar
%) ) and ZT the undoped glass. All the major final states of the ;5 — 25F1L;
transitions were identified and labeled following ref. [33]. The other samples presented
very similar absorption spectra, except for the intensities of Er3* electronic transitions
that were roughly proportional to the activating ion concentration.

The figure 2.2.2 reports the polarized Raman spectra of the ZT, ZT30 samples. The
Raman spectra are very similar with minor difference discussed in the following. The
Raman spectra were normalized relative to the maximum intensity of the band at of
660 cm™!, in order to draw qualitative inference of the effect of Er** ion (if any) on the
structural properties of the glass without the Er3t activation. The band at 660 cm™!
is assigned to the stretching vibrations of the TeO, trigonal bypiramidal groups. They
are linked through TeOTe, with O in a position alternatively axial and equatorial, and
form the backbone of pure TeOs. The presence of a modifier ion such as Zn leads to the
creation of TeOs and TeOs,; polyhedra that are responsible for the band at 740 cm™!
in ZT, 750cm ™" in ZT30 (similar band was observed at 770cm™" by [34]). N.Jaba et.al
[25]noted that with increasing concentration of Er ion concentration the band intensity at

750cm ™! increases ( the band intensity was significantly more even for sample with Er ion

concentration of 3 molar %) in 70TeO, - 30Zn0O glasses. The increase in intensity observed
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Figure 2.9: Absorption spectrum of (Solid line)ZT30 ( doped with highest Er®* [3 molar
%] ) and ( dottedline) ZT the undoped glass.

for the 750 cm™! band with erbium concentration was found to be consistent with the
destruction of TeO4 groups. The attributed that introduction of erbium oxide into the
glass network induces a gradual reduction of tellurium coordination (4 — 3+ 1 — 3),
thus leading to a substantial change in the glass structure. The intensity of the band
doesnot vary in the sample as shown in the figure 2.2.2 and no disruption of the glass
structure. The presence of the erbium, even in such a high concentration, appears not
to give rise to the development of structural peaks, indicating a very good dispersion of

the rare earth ions, with no evidence of the formation of clusters .
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Figure 2.11: Polarised (VV) and un-polarised Raman spectra of sample ZT30

The band at 410 em™! is assigned to bending vibrations of the TeOTe bonds at
corner sharing sites. Its intensity can be considered a measure of the connectivity of the

L and

network [32]. In the low frequency range, we distinguish the boson peak at 35 cm™
a shoulder, at 110 ~!. In literature [35] the shoulder has been assigned to vibrations
due to TeO,Zn0OgTeO3 chain structures, where Zn plays a glass network-forming role,
in agreement with the vibrational frequencies of ZnTeO3 and Zn;Te3Og crystals. This
shoulder is absent in the un-polarised spectra as seen in the figure 2.2.2

(PL) spectra for the samples ZT05, ZT10, ZT20 and ZT30 are normalized to their
relative intensities at the peak 1535nm. The photoluminescence spectra are shown in
the figure 2.2.2, all the samples are excited by 514 nm laser line. The normalised ab-
sorption spectra of ZT05 and ZT30 are also reported. The FWHM of the PL appears to
be increasing from 79 nm in the least doped sample (ZT05) sample to 117nm in most

doped one (ZT30)sample. These results could lead to think that the increasing of the

Er3* concentration is associated with the occupation by the active ions of more and more
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Figure 2.12: Normalized IR, PL spectra of ZT05, ZT10, ZT20 and ZT30; Absorption
spectra of ZT05 and ZT30 are also presented

different microscopic environments, giving rise to a greater inhomogeneous broadening.
However, this explanation contrasts with the evidences presented in the absorption spec-
tra (Fig.2.2.2 ) where the shape of the electronic transition does not change with the
doping level.

The observed broadening of the emission can instead be attributed to a self absorption
effect that, as reported in [36], leads to overestimate the real emission bandwidth. In
order to investigate the existence of such an effect, the fluorescence intensity emitted at
right angle from the incident beam was monitored varying the penetration depth, i.e. the
distance between the focused beam and the exit face. The sample were irradiated with
514 nm and the PL is collected in the IR at two positions a)the laser beam was near the
exit face and b)the laser beam was 1.5 mm away from the exit face of the sample. The
results for the ZT30 sample are shown in figure 2.13, this effect is found to be negligible

in ZT05 ( the least doped), as expected it is maximum (the laser beam was 2.5 mm away
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Figure 2.13: Normalized emission spectra of the 4113/2 — 4115/2 transition for ZT30
sample at different penetration depth
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from the exit face) in the sample ZT30 ( highest doped sample).

Table 2.5: Measured life times of the PL collected at 1535 nm w.r.t geometry of excitation

Sample label | near the exit face | 1.5 mm inside the sample from exist face
Z'T05 4.2 m sec 4.2 m sec
ZT10 2.59 m sec 2.55 m sec
2120 1.38 m sec 1.38 m sec
2’130 0.89 m sec 0.84 m sec

The life times of the PL (collected 1535nm) were measured w.r.t the geometry of
excitation for the samples ZT05, ZT10, ZT20 and ZT30, and the values are given in the
table 2.5.

The plots of the life times of Er PL at 1535 of the samples ZT10, ZT30 are shown in
the figure 2.14. The lifetimes of the Er PL in IR were found to decrease with increase in
the concentration implying a strong presence of concentration quenching in these samples.
In case of self absorption the PL bandwidth is expected to increase with increase in the
depth at which the sample is excited by laser beam w.r.t to the exit face of the sample
( sample surface closer to collection system). Also, the life-time are expected to increase
in such cases. The minimal effect of the excitation geometry on the life-times again
proves that self-absorption though present, the concentration quenching is dominant in

the samples.
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2.3 Conclusions

(a)Baccarat glass:

The glasses, with molar composition: 77.29 Si02: 11.86 K20: 10.37 PbO: 0.48 Sb203,
have been produced at Cristallerie Baccarat by a conventional melt-quenching technique.
Two different sets of samples were produced, containing 0.2 and 0.5 mol% of Er3* ions.
The refractive index was measure at several wavelengths. Raman and absorption mea-
surements indicate the high transparency of the Baccarat glass. The water content of
these glasses is very low and we estimate a Copy concentration low as 3.6 x 10'® cm-3.
Luminescence at 1.5 ;4 m with a spectral width of 18 nm observed on both the glasses. No
changes in the spectral width as a function of the excitation wavelength were observed
and no NIR-to-visible upconversion signal has been detected. The non-appearance of
upconversion in Baccarat glasses indicates that most of Er®* ions are homogeneously dis-
tributed and that interaction clusters as well as chemical clusters are practically absent.
The *I;3 /2 metastable state of the Er*" ions decay curves present a single exponential
profiles, with a lifetime value of 11.5 ms for the sample doped with 0.5 mol % of erbium
and a lifetime of 14.2 ms for the sample doped with 0.2 mol % of erbium. Radiative
lifetime were calculated with different models and compared between the experimental
measured lifetimes. For the 0.2 mol % Er3*-activated glass, quantum efficiency reaches
very high values, up to 79.8 % in the case of a calculation based on the Judd-Ofelt theory.
Such high quantum efficiency has already been observed in Er®*-doped tellurite glasses,
but remains among the highest quantum efficiencies estimated in pure or modified-silica
host glasses. Stimulated emission cross sections in the 1.5 pum region were obtained by
using McCumber theory and internal gain curves resulting from absorption and stimu-
lated emission cross sections are calculated. The optical and spectroscopic properties of
this modified-silica glass make it well adapted as host medium for the light propagation
and a good candidate for many applications in telecommunication systems. The laser

action shown by the micro-spheres of Baccarat glass fabricated by plasma torch method (
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work of C.Arnaud et.al. [24]) amply demonstrates the fact that Baccarat is a good glass
system. The inscription of micro structures, devices like micro-gratings and waveguides
in the Baccarat glasses by femto-second laser directwriting method ( presented in chapter

4.) further corroborates this fact.

(b) Zinc-Tellurite glasses
Optical spectroscopic properties of Er3* activated 65TeO2 35Zn0O glasses were charac-
terized, studying the effects of doping ion concentration on PL characteristics. Raman
spectra show that the addition of ZnO has no detrimental effects on the glass structure.
No trace of the formation of cluster containing erbium is evidenced. The self-absorption
process affects considerably the measurement of the emission properties of Er3* tellurite
glasses, leading to a broadening of the observed line shape. This broadening of line shape
increased with increase in the doping level. From the life time measurements with respect
to geometry of excitation suggest that the concentration is more dominant as compared
to self absorption. As an example of the application and use of these glasses, the results
of micro-grating inscribed into the Zinc-tellurite glass by laser directwriting method are

presented in chapter 4.
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Chapter 3

Silver To Erbium Energy Transfer

Mechanisms

INTRODUCTION

The small absorption cross sections of rare earth ions such as erbium or neodymium have
spawned numerous attempts to increase the ions’ excitation efficiency. Most concepts
rely on energy transfer from a species with a large absorption cross section to the rare
earth ion in question. In the specific case of erbium, codoping with ytterbium (although
itself a rare earth ion, it has a reasonably high absorption cross section at 980 nm) has
found its way into application in lasers and optical amplifiers for 1540nm light and broad-
band sensitisation in the visible via organic complexes and silicon nanocrystals have been
demonstrated.

Particular attention has been devoted to metal-dielectric nanostructured materials [1],
due to the well-known surface plasmon resonance, which originates from a confinement
effect on the electronic properties in metal systems of finite size[2]. The phenomenon
of plasmon resonance is classically described as the oscillation of the free electrons with
respect to the ionic background of the nanoparticle, when they are collectively excited

by laser irradiation. Glasses containing metal nanoparticles have been exploited since
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the Medieval Ages, for the fabrication of colored stained glasses in cathedrals, but they
are now attracting a novel interest for photonic applications [3]. The strong absorption
crosssection related to the surface plasmon excitation in noble-metal nanoparticles and/or
the large local field enhancement, that is generated around the excited nanoparticle make
it possible to use such metal nanoparticles for the enhancement of the luminescence
intensity emitted by rare-earth ions.

The study of the interactions between rare earths (RE) and metals obtained large
interest in the recent years [4] because it connects the scientific interest of understanding
the effect of changing the photonic mode density (PMD) on the fluorescence properties
of the ions, with the technological appeal of increasing both pumping efficiency and
radiative decay rate by suitably enhancing the electric field near the ions. As a matter of
fact, several studies showed that the presence of metal surfaces or nanoparticles modifies
the PMD, which can be regarded as vacuum fluctuations or as supported electromagnetic
modes. In turn, by virtue of the well-known Einstein relation [5], the PMD is proportional
to the probability of spontaneously emitted radiation, which therefore is affected both in
the decay rate and in the spatial distribution. This happens for any inhomogeneity in
g, a remarkable effect is in photonic band gap materials where certain k transitions may
be completely inhibited [6]. Also, for metals, the closeness between active centers and
metals can induce an important non radiative decay through the coupling of the excited
energy levels of the RE to the surface plasmon polaritons [7]. These properties might be
exploited in the design of devices activated with RE; in fact, the technological interesting
4f transitions of these ions have weak oscillation strengths, prohibited by Laporte rule,
and the possibility to increase the electric field near them could allow 1) to reduce the
pumping energy density required to invert population and 2) to favor the radiative decay
with respect to the non radiative in order to increase the quantum efficiency.

These motivations stimulated in 1985 O.L. Malta and coworkers to investigate the

effect of the nucleation of silver nanocrystals on the spectroscopic properties of an eu-
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ropium doped borosilicate glass[8]. They found that the visible luminescence of europium
increased after the introduction of silver in the matrix. In analogy with surface enhanced
Raman scattering (SERS) [9], they attributed the result to the increase of the electric
field in proximity of the metal nanoparticles. Their results were confirmed by Hayakawa
et al. [10, 11], but recently [12, 13, 14, 15] it was shown that the excitation occurs also
out of resonance, leading to think to energy transfer as the responsible for the increased
luminescence. In such a controversial scientific context, we decided to investigate the op-
tical and spectroscopic properties of Er co-doped Ag-ion exchanged thin plates of silicate
and sodium phosphate. These ion-exchanged glasses were subjected to heat treatments,
and Er luminescence enhancement was observed only in the Sodium-Silicate thin plates.
This motivated to investigate further the absence of the luminescence enhancement in
Phosphate thin plates. Ag doped phosphate bulk glasses were fabricated. The bulk phos-
phate glasses when subjected to Laser Treatment showed some enhancement which was
mainly due to radiative transfer. With the aim of better understanding the mechanism
of the enhancement in the Ag ion- exchanged Sodium-silicate, the effective role of silver
concentrations and the contributions of different silver species, sodium-silicate samples
were ion-exchanged varying silver concentration. The spectroscopic study reveals that
the enhancement of the erbium luminescence in a silver doped glass is due to a energy
transfer process from silver species, especially dimers. The sample preparation, the ex-
perimental details and the discussion of the results are presented in detail in the following

sections of this chapter.

3.1 Sample Preparation

The composition of the rare-earth doped silicate glass we decided to use for our tests
is (mol%) 71.5 SiOQ, 15 NazO, 104 CaO, 1.2 A1203, 0.4 PQO5, 0.6 KQO, 0.3 EI‘QOg

and 0.6 YbyOg3; it was one of a set of glasses we had developed for the fabrication of
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ion-exchanged integrated optical amplifiers [16]. From this glass, five plates were cut,
thinned down to 200 m, and optically polished. One of these plates was kept as reference
(labeled as Ref) while the second plate was fully ion-exchanged. The silicate glass plate
was exchanged by keeping it for 67 hours in a molten salt bath of molar concentration
0.5% AgNO3, 99.5% NaNOj at 390° C. This ion-exchanged plate will be referred to as
SAgEr0 hereafter. The remaining three plates were also kept in the bath for ion exchange
with similar conditions but by varying molar concentration (0.5, 1.5 and 5% ) of AgNO3.
These ion-exchanged plates will be referred to as AgEr5, Agkrl5, AgErb0, respectively

The phosphate glass has the following composition (mol%): 65 NaPOs, 20 NbyOs,
15 GayO3 and 3 mol% of Er,O3 was added to the glass. From this glass two plates were
cut, thinned down to 200 m, and optically polished. One of these two plates was kept
as reference (labeled as Ref) while the other was fully ion-exchanged. The bath used for
the ion-exchange of the phosphate glass was 0.5 AgNO3, 49.75 NaNOs, 49.75 KNO3 mol
% and the exchange temperature was fixed to 280C for 65 hours. This ion-exchanged
plate will be referred to as PAgEr( hereafter.

The exchanged depth was estimated to be around 100 &+ m from each side of the glass
plate, so that silver ions should be present along its whole thickness. The index profile
on each side of the plate, reconstructed under the assumption that the distribution is
Gaussian (because it provided the best fit of the experimentally measured effective indices

in waveguides supporting a much lower number of guided modes).

Preparation of Bulk Sodium Phosphate glasses by melt-quench:

Powders of AgO,, HPO3, NaPO3 and ErCl; were mixed and melted in alumina cru-
cibles at 700 ° C in air for 4 h with a resulting nominal composition of 10(AgPO3)
89(NaPO3) 1(ErOg/s). By pouring the melt on a metal mould of cylindrical shape, four
glass pieces were obtained with height of 2.5 mm and diameter of 15 mm. After annealing

at 200 ° C for 2 h to remove the stress, the samples were optically polished. A sample
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Figure 3.1: Numerically reconstructed Gaussian refractive-index distribution produced
on each side of the SAgEr0 sample by the Ag®™/Na™ ion-exchange at 390C for 67 hours
in a molten salt bath of molar concentration 0.5% AgNOs, 99.5% NaNO;

of 99(NaPO 5 ) 1 (ErOgs,) composition, hereafter NaPh, was obtained with the same
procedure and kept as a reference.

Absorption measurements were performed using a Cary 5000 UV-Vis-NIR spectro-
photometer in dual beam mode. Excitation spectra were recorded using a Xe lamp
coupled to a single grating monochromator as excitation source, in a spectral range ex-
tending from 360 nm to 750 nm. Simultaneously to the PL signal from the Er3* - doped
glass, the signal from a photodiode placed in the light beam close to the sample was
acquired for each excitation wavelength in order to correct the excitation spectra by
taking into account the spectral characteristics of the excitation source. All excitation
spectra were recorded by collecting the Er3t PL signal at 1.53 g m [17]. The photolu-

minescence band corresponding to the 413/, — 4l;5/2 transition of the Er3t ion was
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observed using several excitation wavelengths. Great care was taken in these experiments
to keep unmodified the experimental conditions when measuring the PL intensity from
the Ag-exchanged glass plate and from the corresponding reference one, in order to have

quantitative comparison the PL intensities.

3.2 Ag ion-exchanged Sodium Silicate and Sodium
Phosphate glasses

The ion exchanged plates were subjected to heat treatments in air at different temper-
atures and for different periods were performed on SAgEr0, PAgEr0 and respective Ref
plates. The sequence of annealing treatments performed on SAgEr( is summarized in
Table 3.2, and the sequence of annealing treatments performed on PAgEr0 is summarized

in Table 3.2.

Table 3.1: Temperature and time for the additive heat treatments of the Ag-exchanged
silicate glass plate

Temperature(® C) | Time of Annealing (min.) | Sample Label

- As prepared SAgEr0

500 30 SAgErl

500 30 + 30 SAgEr2

500 30+ 70 SAgEr3

500 30 + 30 + 60 SAgEr4

500 30+70

600 +60 SAgErb
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Table 3.2: Temperature and time for the additive heat treatments of the Ag-exchanged
phosphate glass plate

Temperature(® C) | Time of Annealing (min.) | Sample Label
- As prepared PAgEr0
500 30 PAgErl
500 30 + 30 PAgEr2

3.2.1 Absorption, Excitation, PL spectra of the Ion-exchanged

glasses

Figure 3.2 shows the luminescence spectra of the reference and as-prepared Ag-exchanged
plates of silicate (figure 3.2(a)) and phosphate (figure 3.2 (b)) glass. Photoluminescence
spectra in IR region, obtained by excitation at 980 nm. These spectra have been nor-

malized and vertically shifted for clarity.
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Figure 3.2: Photoluminescence spectra in IR region, obtained by excitation at 980 nm.
In the figure 2(a)silicate glasses: Ref (dashed line) and SAgEr0 (continuous line) plates
of Er¥T-doped silicate glasses; in the figure 2(b)Phosphate glasses:Ref (dashed line) and
PAgEr0 (continuous line)

No effect of the Ag-exchange on the profile of the Er** PL band at 1.5 um was
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Figure 3.3: Absorption spectra of silver-exchanged (continuous line) and Ref (dashed
line) silicate plates, (a) after annealing at 500C for 30 min (SAgErl); (b) after a second
annealing at 500C for 30 min (SAgEr2).

observed. Figure 3.3 (a) shows the absorption spectra of the Ref and SAgErl glasses.
The Ref sample is transparent in a wide range, down to 300 nm, and the sharp peaks
observed in its absorption spectrum are due to transitions of Er** ions, from the I, /2
ground state to excited states. In the spectrum of the SAgErl glass the band due to the
surface plasmon resonance of Ag0 nanoparticles, usually centered around 400 nm [2], is
not visible. Instead of the typical plasmons band, a red-shifted broader band, centered at
about 480 nm, is observed. After a further heat treatment of the samples, performed in
the same conditions as the first ones, the absorption spectrum was drastically modified,
as shown in figure 3(b). The broadband centered at 480 nm is no more present. A
shoulder appears at around 420 nm, in the region of the Urbach edge of the spectrum of
SAgEr2. The absorption spectra of the SAgEr3 and SAgEr4 samples looked very similar
to that of the SAgkr2 plate. Figure 3.4 shows the absorption spectrum of the SAgEr)
glass, where a strong band is clearly observed in the blue region, with a maximum at 417
nm. Let us underline that such a band was not visible in the absorption spectra of the

SAgEr2, SAgEr3 and SAgEr4 samples, that had been annealed at 500C, as indicated in
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Figure 3.4: Absorption spectrum of the SAgEr5 glass after annealing at 500C for 30 +
70 min and at 600C for 60 min.

Table 1. The shape of the 41,5/ — 41,5/ PL band remained the same for all subsequent
heat treatments performed on the Ag-exchanged silicate sample.

Figure 3.2.1 shows the excitation spectra of the Ref and SAgEr2 glasses. The excita-
tion spectra of the other annealed silver-exchanged samples are similar to the spectrum
of the SAgEr2 glass. After annealing, an enhancement of the Er3* emission intensity at
1532 nm was detected in the exchanged sample, with respect to the reference one, for
excitation in the spectral range from 400 to 500 nm.

The spectra reported in the inset have all the same shape, typical of the 4l,3/9 —
41,5/ transition of Er*. For instance, there are not background or additional struc-
tures, thus indicating that the detected PL is only originating from Er?* 4l;5,, —41;5/9
transition and excluding any spurious emissions that, in principle, could be induced by
the Ag-exchange process. Their relative intensities are related to those already observed
in the excitation spectra. Therefore, they do not provide additional information, but
clearly indicate that the detected PL in the excitation spectra is only originating from

Er3* luminescence. Regarding the phosphate glasses an absorption broadband similar
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Figure 3.5: Excitation spectra from 360 to 750 nm of the Ref (circles + dashed line)
and SAgEr2 (squares + continuous line) silicate plates. The wavelength of the detected
light was set to 1532 nm. The inset gives a comparison of the Er®* emission band at
1.53 ;o m measured in the Ref (dashed line) and silver-exchanged (continuous line) silicate
plates for three different excitation wavelengths (indicated by the arrows on the excitation
spectra): 476.5, 514.5 and 980 nm.
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Figure 3.6: Absorption spectra of silver-exchanged (continuous line) and Ref (dashed
line) phosphate plates, (a) after annealing at 400C for 30 min (PAgErl); (b) after a
second annealing at 400C for 30 min (PAgEr2).

to the broadband observed at 480 nm in the figure 2a is also observed in figure 3.6(a),
related to the phosphate glass annealed at 400C for 30 min (PAgErl). In this case, the
band is weaker and the position of its maximum pointed at 510 nm.

After a further heat treatment of the phosphate samples, the absorption spectra are
drastically modified as shown in figure 3.6(b). As for the silicate glasses the broad band
centered 510 nm is no more present but no shoulder appears at around 420 nm, in the
case of the phosphate glass annealed at 400C for 30 min (PAgEr2). Contrary to the case
of the silicate glass excitation spectra evidence no change of the Er** emission intensity
at 1532 nm detected in the Ag-exchanged phosphate glass, with respect to the silver-free
glass, even after performing subsequent heat treatments at 400C.

From the present experimental results, some enlightenment is brought in the under-
standing of the sensitization of erbium by silver. The excitation spectrum of figure 3.5
clearly shows the tail of a band in the blue region, extending to about 500 nm. Such an
excitation band seems to be associated with the absorption shoulder observed in figure
3.3 (b), and is not correlated with the broadband at 480 nm revealed in figure 3.3 (a).

This last point is supported by the following arguments:
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(i) A similar broadband has been observed in an Ag-exchanged phosphate glass after
heat treatment at 400C for 30 min (figure 3.6(a)), but in this case also, no enhancement
was detected.

(ii) The absorption broadband in the Ag-exchanged silicate glass (SAgErl) extends from
the violet ( 400 nm) up to the NIR ( 1000 nm), which corresponds to a range much
wider and extended to the red than the region where enhancement of the Er®* emission
intensity is detected (from 400 to 500 nm).

(iii) In the sample annealed for twice 30 min (SAgEr2), the absorption broadband, ob-
served in the SAgErl sample, disappears (figure 3.3 (b)), while the excitation spectrum
remains the same. On the other hand, a correlation of the Er®* PL enhancement with
the absorption shoulder observed in figure 3.3(b) can be pointed out when comparing
figure 3.3(b) and figure 3.5. The tail of the excitation band and the shoulder seem to
extend on a common spectral range.

Let us remark that this shoulder could be already present after the first annealing
at 500° C for 30 min (figure 3(a)). Its contribution could be covered by the presence
of the more intense broadband at 480 nm. This could explain why all the excitation
spectra of the annealed silver-exchanged samples are identical, whereas their absorption
spectra appear so different. Up to now, the origin of the broadband in the absorption
spectra of the SAgErl glass (figure 3(a)) has not yet been determined and still remains
under investigation. Nevertheless, it could be related to the presence of very small silver
aggregates, i.e. like multimers [15], and/or silver-induced matrix defects. The shoulder
in the region of the Urbach tail of the absorption spectrum of the SAgEr2 sample (figure
3(b)) is observed approximately between 400 and 500 nm. This could be assigned to the
emergence of the surface plasmon absorption band, which in turn is a good indicator of
the presence of silver nanoparticles inside the silicate matrix. These nanoparticles would
be formed by migration and aggregation of silver atoms in the glass during the successive

phases of annealing. Such a migration-aggregation process strongly depends on the char-
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acteristics of the heat treatment as illustrated by figure 4 through the appearance of a
strong band in the absorption spectrum of the SAgEr5 glass after the annealing temper-
ature is increased from 500 ° C to 600° C. From its shape and its spectral characteristics,
this band is attributed without any doubt to the surface plasmon resonance of silver
nanoparticles. At this point, it is worth to note that, in all the annealed silver-exchanged
glasses, even if a fraction of silver exchanged had participated to the growth of nanopar-
ticles, a large part of silver probably remained under the form of ions, atoms, charged
or neutral dimers and multimers. Consequently, the contribution of the latter species
to the Er*™ PL enhancement cannot be excluded. Finally, it is important to note that
the Er** PL at 1.53 4 m is enhanced nearly for all excitation wavelengths from 400 nm
to 500 nm, with a slightly lower efficiency for the resonant Er3* excitations, indicating
that such an enhancement is mainly effective for non-resonant excitation of the active
ions. Considering the slight weakness of the peaks due to absorption by Er®* ions in the
Ag-exchanged silicate plates with respect to those in the reference plates (figure 3), the
following crucial information is deduced about the mechanism from which silver can act
as a sensitizer for erbium: the Er®* PL enhancement does not originate from an increase
of the absorption cross section in Er®* ions when they are subject to the strong local
electromagnetic field generated by the surface plasmon excitation of silver nanoparticles,
but it is very likely promoted by energy transfer from silver nanoparticles or multimers

to the Er*t ions.

3.2.2 TEM, XPS analysis of the Ion exchanged Silicate glasses:

Specimens for TEM observations were prepared by scraping off thin films in absolute
ethanol using a diamond knife. A drop of the suspension was deposited onto and dried
on a carbon coated copper grid. TEM study of the scraped samples was performed
using a 200 kV side entry JEOL 2010 transmission electron microscope. XP spectra

were acquired using a 200 mm Scienta (GammadataUppsala) hemispherical analyser.
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Table 3.3: Composition of the samples analysed given in atomic abundances (%).

Atom | Reference | SAgErl | SAgEr2 | SAgEr3 | SAgErd | SAgErb
Si 30.8 33.0 30.4 32.3 30.6 31.1
Na 2.1 1.5 2.2 1.7 1.8 2.13
Ca 2.4 0.4 0.5 0.9 0.8 0.9
Al 2.3 1.8 2.6 1.6 2.7 2.7
K 14 1.1 0.8 1.1 1.2 1.3
O 61.1 61.8 62.9 61.7 62.1 61.3
Ag 0 0.3 0.5 0.6 0.6 0.5

The vacuum was in the region of 10-8 Pa. For each sample a wide scan, 0 1200 eV, was
acquired to detect the chemical elements together with the possible contaminations. Core
lines were acquired using a pass energy of 150 eV. In this condition the energy resolution
of the analyser at the Fermi edge is about 0.4 eV. With this energy resolution, chemical
shifts due to different bonds may be distinguished. Glasses being strong insulators need
charge compensation during spectra acquisition. The value of 285 eV for the core line
of the CH, components was chosen as a reference for determining the correct binding
energy (BE) values of the other glass chemical elements. Atomic concentrations were
obtained from the intensities of the spectral components. Linear background subtraction
and Gaussian components were used to perform peak fitting. For each chemical element,
the core line was deconvoluted into components pertinent to the chemical bonds formed.

In figure 3.7 (a) and 3.7 (b) show the effect of annealing on the Ag dispersion in the
glassy network. In particular the TEM image presented in figure 3.7 (a) is the image
obtained from sample SAgErl as an example of mild thermal treatment. The image
shows silver condensed into a few clusters of dimension 10 nm and the arrows in the
magnified portion provide evidence of the possible presence of smaller silver aggregates
of dimensions around 1 to 3 nm. In panel B is reported the TEM image obtained from
SAgEr5, the sample annealed for longer time and at higher temperature. Again silver is
present in clusters having now a higher diameter of about 15 nm. Let us switch now to

the XPS analysis.
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5 SAgkr2 (b) SAgEr5
(@) Heat treatment: Heat treatment:
30 + 30 min. at 500°C 30+ 70 min. at 500°C

+ 60 min. at 600°C

TEM micrograph of the SAgEr2 sample. The TEM micrograph of the SAgEr3

The micrograph shows few, inhomogene- sample shows the presence of nanoclu-
ously distributed, nanoclusters of ~10nm sters of about 15 nm. The nanoclusters
and many small clusters in the range distribution is more homogenous than
1-3nm (see inset). that observed for the SAgEr2 sample.

Figure 3.7: (a): TEM image obtained for an Ag exchanged soda-lime glass annealed
at 500° C for 30 min. Silver aggregates into a few clusters of 10 nm size and probably
into small clusters of 1 to 3 nm size. (b): TEM image obtained from an Ag exchanged
soda-lime glass annealed at 500° C for a total of 100 min plus a second treatment at 600°
C for 60 min. Now the dimensions of the Ag cluster are about 15 nm. Arrows indicate
Ag clusters.
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Figure 3.8: (a): XP spectrum of the O 1s core line deconvolved into the Gaussian
components. The numbers indicate different chemical bonds (see the text).(b): the Ag
3d 3/2 and Ag 3d 5/2 core lines. Broken lines indicate the positions of silver oxide.

In table 3 the chemical elements are summarized revealed by our instrument and the
relative total atomic abundance. It is worth remembering that XP spectra show the
composition related to the material surface. For this reason some of the glass component
elements are not detected because their concentration is below the instrumental sensitiv-
ity (preferential superficial arrangement of Si, Al, K and C due to contamination). The

atomic concentration of Ag is almost constant among the samples and around 0.5%.

In figures 3.8 (a), (b) are shown examples of the core line spectra of oxygen and silver
respectively. Oxygen is decomposed into six components. Each of them is associated with
a specific chemical bond formed by oxygen with the other chemical elements of the soda-
lime glass. Peak fittings are performed linking component integrals to the stoichiometry
an optimizing the x?. Component 1 at 534 eV is related to (C=0)O* (* indicates the
oxygen atom whose BE is referred to). Component 2 at 532.6 eV is related to the
bridging oxygen in SiO2 while component 5 at 531 eV is related to the non-bridging
oxygen atoms in agreement with [18]. Components 3, 4, 6 at 532.3, 531.3 and 529.8 eV
correspond to COC, (C=0*)C and Nay,O + KO respectively. In figure 3.8 (b) shows the
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silver core line split in the two spinorbit components 3d3/2 at higher BE and 3d5/2. A
pure Gaussian component was used to fit each peak. Broken lines indicate the position
of silver oxide. Finally in figure 3.9 shows the position of the Ag 3d5/2 as a function of
the annealing time. The dashed line represents the BE relative to that of metallic silver.
A small decrease of the Ag 3d5/2 BE value is observed, increasing the annealing time.
The inset of figure 3.5 clearly shows an enhancement of the Er*T fluorescence when a
laser excitation at 476.5 nm impinges on the Ag exchanged soda-lime glasses. Despite
this effect being observed also by other authors [8, 12, 14, 19] the mechanism underlying
the process of erbium excitation leading to the radiative 41,3/ — 4I;5/, transition is
not well established. In this respect we can give some hints. First of all Ag plays a
fundamental role in this emission process. Some authors [8, 19] related the enhancement
of the Er** fluorescence to the presence of the well known Ag surface plasmon. In brief,
due to the high Ag cross section, a large portion of the exciting energy is converted into
free electron plasma oscillations. The strong local field enhancement around the rare
earth ion promotes energy transfer from the Ag nanoparticle to the Er** and then the
emission at 1532 nm. To verify this model it is of paramount importance to determine
the chemical state of the Ag atoms. Unfortunately the composition of the glassy network
is too complex and the concentration of Ag too small for detecting the presence of silver
oxide from the oxygen core line peak (see figure 3.8(a)). Nonetheless inspection of the
3d core lines of Ag gives us some clear indications [20]. The dashed lines in figure 3.8(b)
point to the BE of silver oxide. Ag enters in the glassy network via ion exchange as
Ag*t which could form Ag,O. Our spectra do not show any deformation at low BE: pure
Gaussian lineshapes perfectly describe the peaks. We can conclude that silver is present
in our glasses in a non-oxidized form. As a consequence the electrons on the surface of
the Ag nanoparticles are not involved in strong chemical bonds with oxygen and free
to oscillate when excited by laser radiation. Other information may be gained from the

analysis of the Ag spectra. It is known that the XP lineshapes of metallic system are
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Figure 3.9: Trend of the Ag binding energy as a function of the total annealing time.
The dashed line indicates the BE relative to that of pure metallic Ag.

asymmetric. In metals the presence of the core hole screening introduces a tail on the
high BE side of the core line [21]. The spectra from each of the SAgEr samples have
symmetric shapes fitted with simple Gaussian components. This reflects the loss of the
Ag metallic character due to condensation in nanoclusters. In fact, known from the
literature is a tendency to electronic quantum confinement when the dimensions of metal
clusters scale down to the nanometre size [22]. This effect is confirmed also by the energy
shifts towards higher BE of the Ag 3d peaks.

The results shown in figures 3.8(a), (b) and 3.9 tell us that the lower the Ag nanoclus-
ter size the higher the BE shift. The dependence of the BE on the metallic nanoparticle
size was already observed by other authors [23] and explained theoretically [22]. So XPS
enables us to relate electronic quantum confinement to the strength of the thermal treat-

ment. It is known that heating induces a condensation of Ag into clusters. Figure 3.9
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indicates that there is a progressive increase of the average Ag nanoparticle size up to
100 min of annealing. In agreement with TEM images, further thermal treatments are
likely to induce an increase of the nanoparticle dimensions with a loss of the electron

localization and an increase of the metallic character of the Ag aggregates.

3.3 Er activated Sodium Phosphate glasses co-doped
with silver

The matrices where the enhancement of Er PL has been observed were silicate glasses.
On the contrary, silver exchanged sodium phosphate glass, a matrix broadly used in
application because of the high solubility of rare earths and its advantageous mechanical
properties, has shown no energy transfer and therefore no significant increase of Er3*
luminescence at 1.5 g m [13] . This has motivated us to do a further and deeper study
into the effect of the phosphate matrix on such energy transfer processes.

The Erbium activated bulk Sodium Phosphate glass (co-doped with silver) samples
underwent different heat treatments at 300 © C and 400 © C in air for 30 min to pro-
mote the formation of silver clusters (and hereafter they are called AgPh3 and AgPh4,
respectively, while the untreated one is called AgPh2). A sample (labeled as AgPhLT),
was laser treated with a 10 Hz pulsed Nd-YAG laser operating at 355 nm, with 6 ns
pulse and energy of 29 mJ. The laser was focused onto an area of 0.3 cm? for 20 min-
utes. Optical absorption spectra were obtained in the 0.2 — 3.2 um range using a double
beam spectrometer with a resolution of 1 nm. Photoluminescence measurements in the
visible and infrared were obtained upon several excitation wavelengths. The set-up for
the detection of the infrared signal consisted in a 320 mm single-grating monochroma-
tor with a resolution of 2 nm connected to an InGaAs photodiode, while for the visible
range it consisted in a double monochromator with a resolution of 0.5 nm connected to

a photon counting system. Excitation spectra were excited by a Xe lamp coupled to a
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Figure 3.10: Room temperature absorption spectra of the phosphate samples. The inset
shows the difference between the spectra after and before the laser treatment.

single-grating monochromator, in a spectral range extending from 320 nm to 750 nm,
with a resolution of 5 nm. The signal was collected at several wavelengths in visible and
IR range. The absorption spectra of the samples are shown in figure 3.10 . The NaPh
sample has a wide transparency window down to the NUV. Many sharp lines of the Er?*
appear in the spectrum. In the samples containing silver, the intense absorption due to
the 4d'® — 4d°5s1 transition of Ag" ions shifts the energy gap. The samples are too
thick for showing the absorption band shape, whose maximum should be at 250 nm [24].
The sample annealed at 400 © C becomes slightly opaque: a beginning devitrification
process is probably active, since NaPOs has a low glass transition, around 300 © C [25].
The laser treatment also produces red-shifts of the absorption that can be ascribed to a

clustering of Ag™ ions. This has been evidenced in the inset, where the differential ab-
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Figure 3.11: Excitation spectra obtained collecting the erbium luminescence at 1.53

m. The spectra have been multiplied by a factor 10 for wavelengths higher than 390 nm.

The inset shows the PL spectrum of the *Iy3/2 — *Ij5/2 erbium transition upon 420 nm
excitation by Xe lamp.

sorption coefficient of AgPhLT, before and after the laser treatment, has been reported.
The broad band centered at about 370 nm, reported in the inset of figure 3.10, has been
observed also in AgPO3 crystals and assigned to Ag™Ag™ dimers [26]. Figure 3.11 shows
the excitation spectra collected at 1532 nm, on the maximum of the *Ijzp — *Ij5/9
erbium emission. In addition to the erbium excitation sharp bands, a weak broad band
centered at around 400 nm appears in the silver co-doped samples. It is important to
note that no luminescence, other than that of erbium, is detected at around 1.5 um after
excitation at any frequency. As shown in the inset, for an excitation at 420 nm in the
weak broad band and therefore not resonant with Er®t excitations, the luminescence

intensity goes to zero on the two sides of the Er** luminescence band. Furthermore, the
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Figure 3.12: PL spectra of sample AgPh2 upon 514.5 nm laser excitation and of the laser
treated sample AgPhLT upon 458, 476 and 514.5 nm laser excitation.

shape of the luminescence band was the same for the different excitations. Figure 3.12
shows the PL spectra of the silver doped glasses before and after the laser treatment.
After excitation at 514.5 nm, on the high energy tail of the *I;5, — 2Hj1 /o Er®* tran-
sition, a broad band emission appears together with the 2H11/2 — 4115/2 and 483/2 —
41,55 lines of Er?* luminescence. The intensity of the band is very weak both in the
untreated and in thermally treated samples. It increases by a factor of about 50 after the
laser treatment, while position and shape are scarcely effected. By exciting the AgPhLT
sample at 476 nm and 458 nm, the band progressively blue-shifts, indicating the presence
of different centers, which absorb and emit at different frequencies [24].

Figure 3.13 shows the excitation spectrum (A.,; = 515 nm), together with the PL
spectrum (A = 350 nm) and the absorption spectrum for sample AgPhLT. The PL band

is further shifted to shorter wavelengths, with respect to those of figure 3.12, obtained
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Figure 3.13: Excitation spectrum collected at 515 nm, PL spectrum upon 350 nm exci-
tation by a Xe lamp and absorption spectra of the laser treated sample AgPhLT.
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by excitation in the visible. The excitation at 350 nm is obtained by a Xe lamp, and
therefore, the excited volume is not confined near the surface like with laser excitation.
The PL has to travel a longer path inside the sample to reach the surface. The dips in
the PL band in correspondence with the erbium absorption lines, the strongest one being
around 520 nm (2H11 /2 level), are a clear evidence of radiative energy transfer from silver
aggregate to Er®T ions, i.e. reabsorption of the luminescence.

In silver-doped silicate glasses it is possible to promote the formation of silver aggre-
gates by heat treatments in air at temperatures above 450 °C [27]. Instead, in metaphos-
phate glasses the heat treatments seem to have smaller effects. The AgPh3 sample,
annealed at 300 °C, shows a very weak luminescence band from silver aggregates, of
intensity comparable with the one of AgPh2 ( figure 3.12 ). When heated at higher
temperatures, the glass tends to devitrificate before showing important silver clustering.
On the other hand, the laser treatment at 355 nm is more effective and the luminescence
of silver aggregates increases of about two order of magnitude. This is probably due to a
selective excitation of the silver ions, which induces the silver clustering without affecting
the glassy structure. The shape of observed luminescence, in particular the frequency
position of its maximum, shifts with the excitation frequency. This is a clear indication
that different centers are co-existent, probably AgtAg* and Ag*Ag® dimers, trimers and
other small aggregates, as already observed in silicate glasses[24]. The increase of the
broad band PL intensity in the laser treated sample can be associated to the increase
of the Er3* PL upon non-resonant excitation. However, the energy transfer process is
weaker than in silicate[13]. The presence of dips in correspondence to Er absorption in
the PL bands of silver aggregates clearly indicates that radiative transfer plays some role.
This effect mainly depends on the geometry of the samples. Massive samples, as those of
the present work, should show larger reabsorption effects than the thinner glasses used in
previous studies [13]. On the contrary, the non-radiative transfer depends on the micro-

scopic structure and spatial distribution of acceptor and donor species. In this respect,
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the property of good solution with large separation among the doping species, which
make phosphate glasses favored for high doping level active materials [28], is a drawback.
In fact, metaphosphate glasses are constituted of long polyphosphate chains, which allow
the clustering in pair of ions that are coordinated to a small number of oxygen ions (3
for Ag*, 5 for Na™), but prevent it for high coordination number ions such as rare earth
[26, 29]. This physical constrain suggests that in phosphate glasses thermal annealing
produces few Ag small aggregates, which should act as donors in the process of energy
transfer to erbium ions [12, 13]. Laser annealing is more efficient in producing them, but
energy transfer from the Ag aggregates to Er ions is less effective than in silicate glasses,
probably because of a larger mean distance between donors and acceptors induced by
the phosphate structure. A very weak energy transfer is observed and an important part

of it is probably due to radiative reabsorption.

3.4 Effect of Silver Concentration on Er Lumines-
cence enhancement:

In order to distinguish between the different excitation mechanisms, samples with differ-
ent silver doping concentration were subjected to heat treatments to change the relative
concentration of the silver related species in a erbium doped soda-lime glass in-order to
correlate the visible fluorescence of these species with the erbium excitation. A part from
the technological interest, erbium has a practical advantage over europium, as the effi-
cient radiative emission at 1.5 um is completely separated from the silver luminescence,
which is centered in the visible region.

The set-up for the detection of the infrared signal consisted in a 320 mm single-grating
monochromator with a resolution of 2 nm connected to an InGaAs photodiode, while for
1

the visible range it consisted in a double monochromator with a resolution of 10 cm™

connected to a photon counting system. The excitation spectra were corrected dividing
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by the spectral output of the source collected by a calibrated photodiode. Photolumi-
nescence measurements in the visible and infrared region (in particular around the *I;3 /2
— 45 /2 transition of the Er3* ions) were obtained upon several excitation wavelengths.
Time resolved PL measurements were carried on in the visible range exciting the samples
by the third harmonic (355 nm) of a Q-switched Nd:YAG laser with a pulse width of
6 ns and a repetition rate of 10 Hz. The luminescence decay was collected at several
wavenumbers with the set-up previously described and recorded by a multichannel an-
alyzer. Further information was obtained by polarization spectroscopy. The polarized
beam of an Ar™ laser, operating at 488 nm, was used for the excitation and the lumi-
nescence with parallel (VV) or with perpendicular (VH) polarization was detected. A
scrambler was inserted between the polarizer and the spectrometer for equalizing the
set-up response. All measurements were taken at room temperature.

Figure 3.14 shows the absorption spectra of the silicate samples. The sharp weak
peaks are due to Er3* absorption. They should be common to all samples, but in fact it
seems that their intensity decreases after the ion exchange. This process exchanges Na™
ions with Ag™ ions, but probably also some Er3* ion diffuses to the solution and is lost for
the glass. The plasmon band at 420 nm, typical of the spheroidal silver nanoparticles,
is well observable in the sample Ag05 heated at 600 °C in air, but does not appear
for annealing at T < 400 °C. The other silver species are not easily discernible in the
absorption spectra [24, 30]. The differential absorption measurements in the inset of
Figure 3.14, where the absorption of the reference sample is subtracted, can help in the
detection of the contribution of different silver aggregates. Neglecting the sharp dips due
to the Er** absorption, the spectra look different in the blue and UV ranges, where the
absorption becomes strong. We attribute this absorption to Ag™ ions, whose absorption
is centered at about 250 nm [24]. As expected, the absorption is higher in the Aglh
than in the Ag05 sample. Unfortunately, the measurement in the Ag50 is not significant,

since the metallic silver on the surface greatly reduces the transmission in all the visible
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Figure 3.14: Room temperature absorption coefficient of the silicate samples. Inset:
Differential spectra, which highlight the silver species absorption.
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Figure 3.15: PL Excitation spectra collected at 1532 nm from Er** *I;3/5 — “Iy5/2. Inset:

Normalized PL spectrum of Ag05 upon excitation resonant (520 nm) and non resonant
(420 nm) with erbium energy levels.

range. Apart from the intensity, also the shapes of the absorption profile in the Agh
and Aglh seem to be different, the latter presenting a shoulder at about 400 nm. If
the exchange process would simply replace Nat with Ag™ ions, without the formation
of any silver aggregate, the absorption spectra of all as exchanged samples should have
the same shape, with an intensity proportional to the Ag™ concentration. The difference
spectrum, «(Ag15)/3 — a(Agb), shows that this is not the case and that silver tend to
aggregate already during the exchange process. This is reflected in a reduction of the
absorption at low wavelengths and in the presence of the now clearly observable band,

at about 400 nm, attributed to silver dimers or larger aggregates [24].

Figure 3.15 shows the excitation spectra of the exchanged silicate glasses collecting
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the signal at 1532 nm, i.e. from the maximum of Er3* 4113/2 — 4115/2 emission. It is
important to note that no luminescence, other than that of erbium, is detected at around
1.5 pm after excitation in the visible. As shown in the inset for an excitation at 420 nm,
the luminescence intensity goes to zero on the two sides of the Er band. The excitation
spectra were normalized to the intensity of the line at 650 nm, which corresponds to
the Fy /2 = ol I /2 of the Er?* ions. This allows to compare more reliably the excitation
spectra of different samples in presence of some unavoidable changes in the experimental
conditions. In fact, the samples have different refractive index and different surface
roughness, induced by the deep ion exchange. The excitation spectrum of the Ref sample
shows only the sharp lines due to the direct excitation of the inhomogeneously broadened
erbium levels. In the exchanged samples, also a broad band contribution appears. It is
remarkable that not only the intensity but also the shape of this continuous contribution
changes as the silver content is increased. As already observed [12, 14, 13, 15], the
excitation out of the electronic energy levels of the erbium ions is a clear indication of
the presence of an energy transfer process. In comparing the shapes of the excitation
spectra of different samples, we have to consider not only the presence of different energy
transfer mechanisms through which the erbium ions are excited but also that the samples
are thick and the absorption is strong at low wavelength. Therefore, the excited volume
is sample and wavelength dependent, causing a non-linearity of the excitation response.

Some centers that absorb the light and transfer the excitation to the erbium. Their
spectroscopy and their activity in the transfer process can be studied by a detailed
comparison of the excitation spectra taken at different emission frequencies and of the
luminescence spectra obtained by exciting at different frequencies, possibly in time re-
solved experiments. Figure 3.16 shows the PL spectra of the Aglh sample excited at
different wavelengths between 410 and 595 nm. All spectra show a very broad band
whose maximum shifts with the excitation frequency. A positive contribution to the PL

from the erbium ions in this scale is visible only for the excitation at 520 nm, which is
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Figure 3.16: Normalized PL spectra of Aglh sample upon excitation by a Xe lamp at
several wavelengths (indicated in figure).
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Figure 3.17: a) PL spectrum of sample Ag05 upon pulsed excitation at 355 nm; b), ¢),
d) decomposition of spectrum a) in components with different decay time. Inset: Decay
curve collected at 455 nm.

resonant with the 4I;5 /2 — ’Hy, /2. For the other excitations, not resonant with erbium
transitions, a dip in the broad band appears always at 520 nm. This dip is attributed to
reabsorption by the Er ions of the luminescence from silver aggregates.

Time resolved spectroscopy upon 355nm pulsed excitation shows that different centers
contribute to the broad band luminescence. Figure 3.17 shows an attempt to separate
three contributions with lifetimes in the ranges of about 10 us, 50 ps and higher than
100 ps. The procedure used to obtain figure 3.17 is described in the following. The decay
curve of the luminescence has been measured at different wavelengths. The inset shows
the curve of decay taken at 455 nm, together with a fit by three exponentials, whose

parameters are reported in Table 3.4. The three decay times needed for the best fit
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Table 3.4: Lifetimes (us) of the bands (see figure 3.17) which constitute the visible
luminescence of the silver species, collected upon 355 nm pulsed excitation

Sample | 7, | 7. | T4 | rise 7(b,d) | rise 7(c)
Ag05 | 10 | 50 | 100 1 6
Aglh 5 30| 80 1 4
Ag50 3 10| 50 1 2

slightly change with the detection frequency, but remain in ranges around the values of
Table 3.4. Delayed spectra in different time windows were measured and the integrated
luminescence was attributed to three contributions with the decay times of Table 3.4.
The result has to be taken as purely indicative, since it is evident that a continuous
distribution of lifetimes is actually present and the shapes of the bands depend on the
choice of the three characteristic lifetimes.

In any case, the shape of the band (3.17(d)) with the longer decay-time is similar
to that observed in ref. [24, 31] and attributed to small Ag® clusters. A band in the
blue, similar in form of the blue component of figure 3.17(b) with fast decay time, was
attributed to Agi" species [32]. Other centers with silver ions bound to silver atoms
in dimers or trimers are expected to be present and they could explain the presence
of the low frequency band of figure 3.17(b) and of the band of figure 3.17(c) [24]. In
particular, Paje et al. [33] evidenced that in soda lime glasses Agt-Ag™ dimers have
a broad luminescence centered at about 525 nm, i.e. practically coinciding with band
3.17(c), while mixed species of Ag? and Ag* in dimers or trimers should emit at longer
wavelength.

By increasing the silver content, in Agl5 and Agh0 samples, the fast decay components
become stronger in comparison with the others and all lifetimes become shorter. On the
contrary, the shapes of the bands of figure 3.16 do not change very much. These results
could indicate that energy transfer between different active centers is present and becomes
more and more important with the increasing of the silver content. This hypothesis is

supported also by the behavior of the rise time of the luminescence, which is different at

83



15

© Ag15x = 525nm
Ag15 B = 1532 nm

& AgO5S = 525 nm
----Ag052_=1532 nm
------ Abs Ref

—_
o
T

PL Intensity (arb. units)

350 400 450 500
Wavelength (nm)

Figure 3.18: Comparison of the excitation spectra of sample Ag05 and Agl5 collected at
525 nm (Ag species luminescence) and 1532 nm (erbium luminescence). The absorption
spectrum of sample Ref is reported to locate the absorption lines of erbium

different wavelengths (1 ps at 445 nm and 625 nm, 6 us at 555 nm for Ag05). This seems
to indicate that at 355 nm we do not excite directly the emitting centers and that different
channels are active in the excitation of the other centers. Furthermore, the rise-time of
the emission at 555 nm is close to the fast decay time of the luminescence at 445 nm. This
could indicate that centers that produce luminescence at 445 nm also can transfer the
excitation to other centers that have luminescence at 555 nm. In polarized measurements,
the visible luminescence band of the Ag05 sample, shows a ratio of intensity Iy g /Iy
~ 1/3. This low value is distinctive of centers with an oriented dipole, which can absorb
and emit light only polarized along the axis [34]. This property is typical of dimers [35],
but other small clusters with a preferential axis cannot be excluded.

Figure 3.18 shows the excitation spectra of the Ag05 and Agl5 samples collected at
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515 nm from the broad luminescence band of the silver centers. (Compare figure 3.16
and note that, as there are several emitting center, the excitation spectra from the silver
aggregates acquired at different wavelengths may substantially differ). At this frequency
we are sure that there is no luminescence from excited states of Er®* ions. The shapes
of the excitation bands of figure 3.18 are practically coincident with those of the broad
band contribution observed in the excitation spectra of the Er** luminescence, detected
at 1.5 pm. This result indicates that the channel through which the erbium ions are
excited is the silver aggregates that emits at about 515 nm. The sharp lines of the Er?*
absorption do not appear in the excitation spectra of the silver aggregate, indicating
that energy transfer from Er to silver is negligible. Therefore, the transfer appears to be

unidirectional from silver to erbium.

3.5 Discussion

The luminescence and excitation spectra indicate that silver aggregates, showing absorp-
tion in the blue and a green luminescence, can transfer the excitation to erbium ions. The
energy transfer mechanism is still to be discussed. The transfer probability is propor-
tional to the superposition integral of the two spectral shapes of the cross-sections in the

emission of donors (Ag aggregates) and in the absorption of acceptors (Er®* ions)[36, 37]:

PAEr = C [ o), ov), dv (3.1)

Equation 3.1 describes both the radiative and non-radiative resonant energy transfer,
i.e. with the exchange of real or virtual photons. In the latter case, C is a constant which
measures the strength of the coupling and depends on the physical mechanism, as dipole-
dipole, dipole-quadrapole, exchange coupling, and on the actual space distributions of
donors and acceptors. Phonon assisted energy transfer processes are expected to be

less probable. As the erbium absorption spectrum has a very intense transition, the
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hypersensitive 41,5 /2 — ’Hy, /2 transition centered at about 520 nm, which contribute to
about 90 % of the whole visible absorption, PA49~E" is practically proportional to o(v)5r
evaluated at the frequency transition. Equation 3.1 can also explain why the transfer
from erbium to silver is inhibited: there is no strong absorption of silver aggregates at
the wavelengths at which the erbium emits.

In a phosphate glass, we observed that the radiative transfer, i.e reabsorption, dom-
inates on the very weak non-radiative transfer. In fact, energy transfer was observed
only in thick samples [13, 38], where reabsorption can be more effective. In silicate, on
the contrary, energy transfer was observed not only in our 200 pm plates, but also in
thin films [12, 15]. The radiative mechanism of transfer from silver to erbium is for sure
active, as it is testified by the dip in the luminescence spectrum of figure 3.16, in corre-
spondence with the ?Hy; 2 = 45 /2 transition. However, the radiative mechanism is not
very effective, given the poor erbium cross section, and probably it is dominant only in
phosphate glasses[38], where the glass structure allows a very effective separation of the
active centers [39], with small non radiative transfer rate. On the contrary the structure
of silicate, which allows tighter packing of the erbium and silver ions, should favor the
non radiative energy transfer.

Our spectroscopic study shows that several emitting centers coexist and can absorb
the visible light and transfer the excitation to erbium ions. However, since the erbium
ions can efficiently accept excitation only in a narrow range around 520 nm, only the
centers that emit at this wavelength can efficiently transfer their excitation to erbium.
In particular, according to the spectrum in figure 3.17, the centers with the strongest
emission in this region are the silver dimers, which are therefore expected to be the
favored channel for the erbium excitation. On the other hand, the transfer to erbium
may involve also levels other than the ?Hy; /o, even if less effectively. This may explain the
shape of the excitation band of erbium, which is a weighted sum of different absorption

bands of silver aggregates.
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Looking only at the IR excitation spectra, it appears that, as often stated, the in-
troduction of silver has beneficial effects on the erbium luminescence, which in the silver
doped samples is always higher than in the non doped sample with an enhancement fac-
tor ranging between 1 and over 100, in the regions where the erbium does not absorb.
However it seems more meaningful to consider what is the actual efficiency of the pump-
ing mediated by silver. A rough estimation may be obtained comparing the absorption
and IR excitation spectra. From the ratio between the continuous background and the
erbium absorption peak, in the excitation spectrum of sample Agl5, we see in figure 3.15
that, by pumping at 520 nm, the erbium luminescence due to transfer from Ag specie
is about 1/2 of that due to direct erbium excitation. At the same wavelength, 520 nm,
the absorption of silver is about two times that of erbium. Therefore, about 1/4 of the
silver species transfers the excitation to erbium. This transfer efficiency slight increases
by lowering the excitation wavelength and it reaches a maximum of about 50% at 370 nm
because the silver centers that absorb at this wavelength have the maximum of o (v)a?,
at 520 nm in correspondence with the maximum of o(v)47 . Similar results are obtained
for Ag05, the transfer efficiency being slightly smaller. Note that the donors lifetime
(10 — 100us) is quite larger than that of acceptors (~ 1us [40]) in the level *Hyqo. This

forbids detrimental back transfer effects.

3.6 Summary and Conclusions

Erbium-doped soda-lime-silicate and phosphate thin plates were co-doped with Ag by
using silver-sodium ion-exchange and later submitted to various heat treatments in air.
After two annealing processes of 30 min each at 500C, the Ag-exchanged silicate glass
exhibited a shoulder in its absorption spectrum, between 400 and 500 nm. A stronger
absorption band centered in the blue region was observed after the heat treatment was

performed at higher temperature (600C). An enhancement of the 1.53 pum luminescence
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in the annealed Ag-exchanged silicate glasses was observed.

TEM analysis shows that thermal treatments induce Ag atoms to condense into
nanoparticles. The size of the nanoparticles depends on the annealing parameters.

XP spectra show that the Ag atoms inserted in the glassy network by ion exchange
are in a non-oxidized form. Shifts seen in the BE in the XP spectra of the Ag 3d can be
correlated with the Ag cluster dimensions, i.e. the strength of the thermal treatments.
The longer the annealing, the higher the cluster size and the lower the BE shift.

By the light of the results presented above, it seems significant to re-discuss the results
8, 10] which led to attribute the Eu luminescence enhancement to silver nanoparticles, in
order to evaluate if our explanation, which does not consider the influence of the plasmon
band, may apply also there.

In the work of Malta et al.[8], we notice that the differential absorption spectrum
shows a peak at 320 nm that is due not only to silver colloids (it should be centered
at longer wavelength) but also to ions or multimers that are known absorbing at these
wavelengths and whose influence cannot therefore be excluded. Also in the works of
Hayakawa, Selvan and Nogami [10, 11] the luminescence enhancement could be related to
the presence of these small silver clusters. In fact, for short delay times they find a broad
visible luminescence, which moreover presents dips in correspondence of the europium
absorption bands [11]. Additionally, they do not find the decrease of the europium
decay time that should be connected with the increase of the oscillation strength of the
transition, and this suggests that the PL intensity increase is due to a greater efficiency
of the pumping.

The works of Strohhofer, Portales and Mazzoldi all agreed that the main mechanisms
of the RE excitation had to be energy transfer, even if the donors nature was not deter-
mined exactly. However, in [12, 15] the sensitizing effect of the silver appears stronger
and for excitation at lower wavelengths with respect to [13]. Two reasons may be given

for this: the first one resides in the different format, planar waveguides and bulk, of the
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samples. As a matter of fact, when lowering the excitation wavelength toward the Ur-
bach edge, the absorption coefficient increases and, in bulk systems, only the first layer
is excited, reducing the final excitation of the erbium. On the contrary, the extinction
of the exciting beam is very weak in films and the spatial distribution of excitation does
not depend on the wavelength. Moreover in bulk system, especially if prepared by melt-
quenching technique, the silver content cannot be as high as in films. The second reason
regards the solubility of the RE and silver in the various hosts. The capability to have a
good separation between the active dopant ions, which makes phosphate glasses preferred
to silicon oxide or borosilicate as matrix for highly doped devices [41], makes them unfit
to promote the closeness between lanthanide ions and silver luminescent centers that is
required to have an effective energy transfer. From this point of view, soda lime glasses
appear to have intermediate properties.

We can conclude that in our case the enhancement of the erbium luminescence is not
due to an increase in the absorption or in the emission cross section, but to an electric
dipole induced energy transfer.

In particular, the enhancement of the erbium luminescence in a silver doped glass is
due to a energy transfer process from silver species, especially dimers. The mechanism
of transfer operates in the visible through the excitation of the high energy levels of
the erbium. The infrared erbium luminescence upon visible excitation increases because
of the high absorption cross section of the silver species which moreover may transfer
the excitation with an efficiency up to 50%. Hosts where the doping ions are easily
segregated allow to have stronger coupling between silver species and rare earths with

increased non-radiative transfer efficiency.
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Chapter 4

Micro-Machining of structures and
waveguides in glasses by

Femto-second Laser Direct Writing

INTRODUCTION

Micro-optics enable the collection, guidance, or modification of light, in a way to shape
and influence light with very small structures and Integrated-optics integrates these
micro-optic elements and other electronic, opto-electronic components onto a small chip
for device oriented applications. In line with the trend towards miniaturization and the
need to reduce costs, traditional optical elements are being replaced by smaller and lower-
cost components. Diffractive and refractive micro-optical elements complement and often
exceed the functionality and performance of traditional lenses, prisms and mirrors. Re-
fractive micro-optics makes conventional optical elements like lenses or prisms smaller.
Most of the micro-optical elements are fabricated by the standard UV-Lithography. Laser
Direct Writing (LDW) technique with its ability to create the micro/nano structures in
3D, is a fast growing field and is proving to be a good contender to standard lithography

based methods in 3D laser micro/nano machining technologies [1]. The ability to pattern
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(process, deposit, dispense, or remove) materials in three dimensions in a pre-determined
manner is attractive for several important application in and microfluidics[2, 3]. Direct
writing using ultra-short pulses offers novel prospects for miniaturization and integra-
tion of highly functional photonic and microfluidic devices directly inside transparent
dielectric materials([4]- [60]). In contrast to standard manufacturing methods such as
physical-vapor deposition or ion exchange, the direct write approach is not restricted
to the surface and can yield truly three-dimensional (3-D) structures. Femtosecond (fs)
pulses possess the unique ability to precisely deposit energy inside the material. This ul-
trafast interaction does not require specially prepared or photosensitive materials and has
the capability of realizing 3-D photonic structures in diverse materials at arbitrary depth
inside the bulk substrate. There are two major procedures of modifying the material
with femtosecond pulses. In the first case the material is removed after irradiating with
short laser pulses (surface ablation or irradiation followed by selective chemical etching)
and in the second case the physical properties and hence the refractive index (RI) of the
material are modified by the laser pulses. In the latter case, nonlinear absorption arising
from high peak intensities induce strong refractive-index changes in sub-micron volumes
that permit the generation of two/three dimensional refractive index modified (either
positive or negative change) structures with the help of computer controlled motorized
translation stages. The structural modification leads to the formation of waveguides in
the case of positive index change and devices (e.g. optical memory) in case of negative
index change.

Several devices reported till date using this technique and its variations include: (a)
Optical storage devices (b) 3-D Waveguides (c¢) Splitters, Couplers (d) Waveguide am-
plifiers (e) Gratings including FBGs (f) Micro-optical components (lenses, fibers etc. )
(g) Waveguide lasers (h) Microfluidic and Lab-on-a-chip devices (i) Photonic crystals (j)
planar light wave circuits and (k) nanostructures([8]-[19]). Several materials have been in-

vestigated for their interaction of femtosecond pulses, leading to exceptional applications,
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such as:(a) Waveguides in laser crystals such as Ti:Sapphire, Nd:YAG ceramics ([20]-[23])
(b) Variety of microfluidic structures in Foturan™ leading to lab-on-a-chip devices([24])
(c) Polymeric photonic structures in PMMA (Poly Methylmethacrylate)([25], [26]) (d)
Waveguides in periodically poled lithium niobate (PPLN)([27]- [29]) (e) Waveguide lasers
in the telecom band ([11], [12]) (f) Micro and nano channels in variety of materials ([30],
[31]) (g) Photonic crystal structures in glasses and polymers etc. ([32], [19]) The quality
of structures fabricated in dielectrics depends on parameters like wavelength and repeti-
tion rate of the femtosecond source, focal conditions, pulse duration, pulse energy, and
sample translation speed. The mechanism by which the refractive index is modified with
femtosecond pulses is not completely understood. The commonly accepted explanation
is of energy deposition into the matrix via non-linear or multi-photon absorption leading
to restructuring of the material. It has also been proposed that densification results
when the molten material re-solidifies. Some of the possible mechanisms responsible for
refractive index changes resulting from femtosecond pulse interaction with glasses in-
clude (a) Densification (compaction) through bond breaking (b) Color center formation
which alters refractive index (¢) Thermal melting followed by re-solidification leading to
higher index core required for waveguiding. Streltsov et al. have critically interpreted
the above reasons and suggested that a combination of these effects could be present,
depending on exposure conditions of the ultrafast laser. Three important regimes have
been identified by Hnatovsky et al. [39, 48] in their recent work: (a) Type I dam-
age: Homogenous modification associated with smooth RI change (b) sub-wavelength
nano-gratings produced with linearly polarized laser and disordered nanostructures with
circularly polarized laser and (c) Disruptive modification (e.g. voids, micro-explosions).
The mechanism of ultrashort-pulse modification of transparent materials can be divided
into several steps: (1) Production of initial seed electrons through non-linear photoion-
ization of free electrons or excitation of impurity defects, (2) avalanche photoionization,

(3) plasma formation, and (4) energy transfer from the plasma to the lattice[33, 58]
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The results of the direct writing of microstructures in fused silica, GE124, zinc-tellurite,

Foturan and Baccarat glasses are presented in this chapter.

4.1 Experimental:

oscillator| M2 M 3

M1, M2 M3 — Mirrors
Spi'tﬁre VA VA - Variable Aperture
—Ill_ MO - Microscope Objective
(amplifier) ND - Neutral Density filter
MO
l M1

ND [5 Sample
E XYZ- Nano stage

Figure 4.1: Schematic diagram of the experimental set-up for Laser Directed writing

Sample preparation: All the samples were typically cut to a dimension of lcm X
2 c¢m for ease of use and all the 6 faces are optically polished. Sample were first cleaned
using acetone and then with methanol to ensure that the surfaces are devoid of any stains
and dust. The cleaned samples were placed on computer controlled XYZ nano-stages for
better control over the structures to be written in them. Figure 4.1 shows the schematic
of the experimental setup. The quality of the structures fabricated depends critically on

the quality of the focused spot and the movement of the sample placed on XYZ stage.
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Any aberration in the optics or un-wanted vibrations of the stage will affect the shape
and size of the structures drastically. Typically 100 femtosecond amplified pulses were
employed for direct writing at a wavelength of 800 nm with 1 KHz repetition rate. A
spatial filter (pin hole) was used to produce a high spatial quality input beam which was
then attenuated appropriately using neutral density filters for further use. The beam was
steered such that it focuses downwards on to the sample after focussing with a microscope
objective (typically 40X, 0.65 NA).

Inscription of grating: The procedure followed for inscribing grating is given below.
A)Initially simple straight lines were inscribed into samples. Each line corresponds to
a specific set of parameters ( like the sample translation speed, intensity of the laser,
and size of the aperture before the microscope objective). B) These structures were
then imaged using Leica Scanning confocal Microscope. Images were obtained both
in transmission mode and reflection mode. The imaging essentially takes advantage of
differences in transmission and reflection properties of the samples in the regions exposed
to the femto-second laser and the un-exposed regions. In the transmission mode the width
of the structures is determined. In the reflection mode several snapshot of the structures
are taken along the depth at definite intervals ( typically the step size along the z is
chosen to be around a micron). Each snapshot corresponds to a particular depth, all
these snapshots are collated to obtain a 3-D ( cross-sectional, depth profile) view of the

structures written.

The lines/structure with desired width and depth profile were identified and with the
corresponding writing parameters the structures/lines were written again and the images
compared to ensure the repeatability ( within the error limits). As an example in figure
4.2 shows the micro-line structures inscribed in Baccarat glass the line labeled as B2 was
chosen and the parameters were used for inscribing a grating in the glass.

For further characterization of the lines/structures, micro-Raman microscopy, Ab-
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Figure 4.2: Confocal Microscope image of the micro-lines inscribed in Baccarat glass

sorption ( Visible- NIR ) spectroscopy and confocal Fluorescence spectroscopy were used

for understanding of the basic process behind the LDW.

4.2 Results and discussion

4.2.1 Fused Silica:

Several research papers have been published on the nature of femtosecond interaction with
fused silica leading to waveguiding properties, irradiation followed by chemical etching
for microchannel /microfluidic applications([31]-[66]). Even though fused silica is a single-
component glass, its properties can differ slightly depending on its thermal history and
trace levels of impurities, and hence the parameters for LDW also are sample specific[67].
Here we have investigated two kinds of samples commercially available fused silica (pur-
chased from Heraeus Ltd. henceforth will be referred as fused silica ) and GE124 ( also
a kind of fused silica) As mentioned earlier the aspect ratio of the structures can be
varied by modifying the parameters like the intensity of the incident fsec laser, figure 4.3
shows the cross-sectional depth profile image of the structure for(a)110 pW, (b). 40 pW

pulse energy. The aspect ratio can also be controlled easily varied by varying the input
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aperture diameter before the microscope objective.

Figure 4.3: Confocal Microscope depth ( cross-section) profile image of the structures

Inscription of gratings:

With the required parameters a micro-line was inscribed by focussing fsec laser pulses
through the microscope objective (40 X, 0.65 NA, Olympus India). The sample was
displaced perpendicularly to the written line by a definite distance and then another
line (in parallel to the first line) was inscribed. In this way a set of 125 parallel lines
were inscribed creating periodic alternating regions exposed and un-exposed to fsec laser
irradiation. These set of lines act as grating. These grating-structures were inscribed in
the glasses with the aim of obtaining an estimate of the change in refractive index induced
by the fsec laser irradiation, from the grating efficiency measurements. Figure 4.4 shows
the gratings inscribed in the fused silica (a) and GE124 (b) glasses. The inset shows the
images of internal diffraction. A He-Ne laser (632nm) beam was incident perpendicular to
the plane of the gratings, the internal diffraction images were recorded on a screen placed
10 cm away from the sample. The intensities of the different laser spots corresponding to
the different orders of diffraction were measured using a Ophir power meter. The grating
diffraction efficiency (7 is the ratio of first order intensity to the zeroth order intensity)

was calculated to be 20.3%. The change in the refractive index (An) is estimated to be
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(b)

Figure 4.4: Confocal -Microscope images of gratings (a)fused silica (b)GE124 glasses;the
inset shows the corresponding internal diffraction images

of the order of 1072 using the equation 4.1.[68]

An = X cosf tanh™*(\/n)/ T d (4.1)

Where 7 is the diffraction efficiency fraction of first order to the zeroth order, A here
is 632nm, 0 = 90 degrees, d is the depth or the grating thickness. The An values of
the gratings are listed in the table 4.1 The 2 D micro gratings (4.5 (a)) were realized
by two sets of parallel lines written inside the bulk fused silica making an angle of 90 °
with respect to each other. The 4.5 were realised by three sets of parallel lines inscribed
making an angle of 60 ° with respect to each other, (b)shows the formation of a star like
structure having a central hexagon surrounded by small triangular structures, (c)shows
the regular hexagon divided into six triangular structures. This is to demonstrate the
ability of this process to create any structure, potentially leading to the fabrication of
2D-photonics crystals by LDW. This can be extended to 3d with effective control of the
dimension of the structures by laser beam shaping. As expected the diffraction patterns

( see the inset) are correspond to the structures written, the 2-d square grating show a
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diffraction pattern having a square symmetry where as the other two structures display

a hexagonal symmetry.
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Figure 4.5: Confocal -Microscope images of 2-D gratings in fused silica, the insets show
the corresponding diffraction patterns

Spectroscopic characterisation of the micro-structures:

To be able to obtain Absorption spectra in visible and NIR regions a set of 100 parallel
lines are written in the samples, the spectra are obtained from the written region and
un-irradiated regions. The spectra of the FS (4.6(a), (c)) and GE124 (4.6 (b), (d)) are
similar, the increase in absorbance from the written region can be attributed to absorption
due to the defects created during the process of LDW and also due to scattering losses (

which also includes the losses due to diffraction from the grating).

To analyze the interaction of femtosecond pulses with fused silica glass network we
performed micro-Raman measurements in the femtosecond laser-irradiated and non-
irradiated regions of the sample. The samples were excited with 514 nm and figure
shows the micro-Raman spectra obtained in two regions of the samples studied. Black
curve represents the spectrum obtained from the region unexposed to fsec, red colored

curve for region irradiated with fsec laser. The fused silica structural network typically
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Figure 4.6: Absorbance spectra of fused silica [(a), (¢)] and GE124 glass [(b), (d)] from
the modified and un-modified region of the samples

has predominantly large 5- and 6-fold ring structures. The increase in the intensity of
the peak at 600 cm™1 is ascribed to the change in ring statistics where six-fold rings
transform to threefold and fourfold rings after laser irradiation. An increase in the num-
ber of smaller 3- and 4-fold ring structures leads to a decrease in the overall bond angle
and a densification of the glass. Earlier reports [40, 42, 59] also suggest that the possible
mechanism of waveguiding in fused silica glass to be breakage of bonds in the network

leading to densification and hence increase in refractive index in that region.
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Figure 4.7: Raman Spectra of (a) Fused silica (b) GE124 samples
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4.2.2 Zinc-Tellurite:

Tellurite glasses have high refractive index compared to silicate glasses. This induces the
increase of local field around the rare earth ion causing the enhancement of the radiative
transitions and a wider splitting of Stark sublevels. Consequently greater efficiency and
broadening of the emission shape is observed. These properties prove to be valuable
for WDM applications. The article by Tokuda et.al. [69] reports longitudinal writing
of relatively short waveguides and positive refractive index change in niobium tellurite
glasses. The work of Nandi et.al. has demonstrated the waveguiding in Er doped tellurite
glasses co-doped with phosphate [70]. In contrast negative refractive index change has
been reported making waveguiding impossible [71] In this section we concentrate on
grating fabrication in zinc-tellurite glass ZTO (the optical spectroscopic properties of the
same were discussed in chapter2 ). The bandgap of tellurite based glasses being low as
compared to silicate based glasses, the incident laser intensity required would be less as
compared to silicate glasses which is evident from the table 4.1 , only a third of the pulse
energy was used to inscribe structures. Micro gratings were inscribed in these tellurite
glasses and the diffraction efficiencies are measured and the change in refractive index
due to the laser irradiation is calculated ( see Table 4.1 ). The confocal-microscope image
of the grating and its internal diffraction is show in the figure 4.2.2 (a). Unlike the fused
silica, the absorption spectrum from the laser irradiated region follows the spectrum of

the un-irradiated region 4.2.2(b).

Table 4.1: Grating efficiency of various gratings in glasses

Sample Intensity Dimension of | Grating period | Efficiency | A n (X107?)
( Pulse energy p J ) | structure (p) () (n)
Fused Silica 60 4 4 0.20 2.42
Zinc-Tellurite 20 6 10 0.14 2.025
Foturan 65 4 4 0.18 2.24
GE124 65 ) ) 0.21 2.49
Baccarat 65 4 6 0.17 2.22
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Figure 4.8: (a) Confocal-Microscope image of grating in ZT sample (inset shows the inter-
nal diffraction image); (b)Absorption spectrum in the region irradiated with femtosecond
laser(red), un-irradiated region (black)

4.2.3 Foturan glass:

Foturan, a photosensitive glass is one of the most successfully commercialized glasses
manufactured by Schott Glass Corporation. It comprises lithium aluminosilicate glass
doped with trace amounts of silver and cerium. The cerium (Ce3") ion plays an important
role as photosensitizer, which releases an electron to become Ce*t with exposure to UV
light. Some silver ions are reduced by the free electrons and silver atoms are created.
However, in the case of fs laser irradiation, free electrons are generated by inter-band
excitation due to multi-photon absorption for silver atom precipitation. Therefore, Ce3*
doping is not necessary for fsec laser micro-machining applications [72]. In a subsequent
heat treatment, first the silver atoms diffuse and agglomerate to form nanoclusters at
about 500 ¢ C; then the crystalline phase of lithium meta-silicate grows in the amorphous
glass matrix in the vicinity of the silver nanoclusters, which act as nucleus, at about 600

© C. As this crystalline phase of lithium meta-silicate has higher solubility in a dilute

106



15+

—— Foturan irradiated region
—— Foturan un-irradiated region

Forturan Un-irradiated region
Forturan irradiated region

10

05

Absorbance (a.u.)
Absorbance (a.u.)

T T T T 108
500 1000 1500 2000 2500 8000 7000 6000 5000 4000

1
Wavelength (nm) Wavenumbers (cm )

3000 2000

Figure 4.9: Absorbance spectra of Foturan glass from the modified and un-modified
region of the samples

solution of HF acid than the glass matrix, it can be easily etched away. Midorikawas group
has reported some excellent results of fsec modification in Foturan for applications in Lab-
On-a-Chip and microfluidics([73]- [82]) Different structures fabricated in Foturan glass
using femtosecond laser pulses include micro-mechanical and micro-optical components,
microfluidic dye lasers, and microchannels, all integrated on a single chip leading to

lab-on-a-chip device applications [16].

Microgratings were inscribed inside foturan glass, the change in refractive index is
estimated to be 2.24 X 1073 from the diffraction efficiency measurements. The absorption
spectrum shows a apparent increase in absorbance in the laser irradiated region. This
can be attributed to formation of color centers associated with Ag* [66].

Raman spectrum from the laser-irradiated region could not be obtained as there was a
strong fluorescence covering the raman bands. Confocal Photoluminescence was obtained

by exciting the sample with 457nm, 488nm, 514nm. The Confocal Microscope was used
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Figure 4.10: (a) Confocal -Microscope images of gratings in Foturan glass, (b) Micro-
raman spectra from modified ( red) and un-modified(black) regions of the sample

in the XY-lambda mode. In this mode the microscope collects the photoluminescence
from the region of interest in the sample over the wavelength range specified. The typical
interval width is 3 nm. The region of interest in the sample is excited with laser light and
the Photoluminescence is collected for a specified time interval from the entire region of
interest. The Photoluminescence in this 3nm band of wavelengths is stored as intensity
pattern. The collection window then moves to next consecutive band of wavelength and
the PL is recorded. This process is repeated until the entire specified range of wavelength
is scanned by changing the collection window. Once the entire range is scanned the
intensity patterns corresponding to the various wavelength intervals are integrated to
obtain a intensity versus wavelength plot. Interestingly only the region irradiated with
fsec laser shows clear photoluminescence band. The center of the band depends on the
excitation source wavelength(see figure 4.11. Though this kind of PL was observed in Ag
doped Phosphate glasses [66] , to our knowledge this is the first time being observed in

Foturan glasses. As the PL is from only the region modified by the laser irradiation, as
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the modified region has a relatively higher refractive index compared to the surroundings,
it would act as a waveguide. Hence the PL can be confined and can be used as an internal
probe when coupled to the microfluidic channels. This is significant as this PL having a
broad band can be exploited for Integrated-optics applications. This kind of PL is not
observed in the other samples presented in this thesis and as the other glasses do not
contain any silver, this confirms that the PL in femtosecond laser irradiated region of

Foturan glass is due to the silver-related colour centers.

Femtosecond-Irradiated region:
L, ~457 nm
— 1,488 nm

Aexc—51 4 nm

Un-irradiated region:
—v— 457 nm

—O0— Aexc—488 nm
Aexc—514 nm

PL Intensity (a.u.)

500 550 600 650 700 750

Wavelength (nm)

Figure 4.11: PL spectra of Foturan glass.
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Figure 4.12: (a)confocal-microscope image of the grating structure inscribed in Baccarat
glass (b)Micro-Raman spectra from femtosecond laser irradiated(red) and un-irradiated
(black) regions

4.2.4 Baccarat glass

The detailed optical spectroscopic characterisation of this high quantum efficiency glass
has been described in chapter 2. The results of the femtosecond LDW are discussed
here. Figure 4.12(a) shows the gratings inscribed in the glass and the also the internal
diffraction images. The absorption spectra shows an increase in absorbance in the visible
region similar to fused silica, which can be attributed to scattering losses and absorption
due to the defects created during the process of LDW. The modified was studied by
micro-Raman. The sample was excited by a 632 nm He-Ne laser. Two main differences
between irradiated and not irradiated lines were observed:

1

(1) an increase of the sharp defect band at 596 cm™' and

(2) an increase of intensity and linewidth of the broad band at about 470 cm™'. This
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Figure 4.13: Absorption spectra of Baccarat glass(a)visible (b)NIR;obtained from fem-
tosecond laser irradiated (red) and un-irradiate (black)

broad band is due to the bending and stretching of the bonds which connect the silica
tetrahedra. Its width is related to the wide distribution of the O-Si-O angles of the
disordered structure and increases with the hardening of the structure. The observed
broadening of the band indicates an hardening of the glass, which is also the cause of
a positive change of the refractive index. The micro-Raman mapping of the grating
structure was done across three lines of the grating. The rectangle in the figure 4.14 (a)
shows the region of the sample mapped and 4.14(b) shows the results of the mapping
of raman intensity. Raman mapping was performed by mapping the intensity variation

1

of the Raman feature at 590 cm™". The periodic variation of Raman intensity further

proved the grating structure formation and also reflects the periodic refractive index
variation across the grating structure.

Slit beam shaping for LDW to fabricate micro structures and waveguides

There are two principle ways of LDW

(a)Transverse: where the sample translation is perpendicular to laser propagation axis.
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(b)

Figure 4.14: Micro-Raman mapping of the grating; (a)Optical image of the region
mapped ( identified by a rectangle) (b) raman intensity map of the rectangular re-
gion;bright region of the map indicates higher intensity

(b) Longitudinal: The sample translation and the laser beam propagation are parallel.
Longitudinal LDW helps in fabrication of cylindrical waveguides but the length of the
waveguides is limited by the working distance of the focussing objectives. The transverse
writing geometry allows one to write waveguides and structures of arbitrary length and
design, however this method produces waveguides and structures with strong core asym-
metry and significant losses(in case of waveguides)[86]. This asymmetry can be explained
as follows: perpendicularly to the beam propagation direction, the waveguide size is given
approximately by the beam focal diameter 2w, , while along the propagation direction,
it is given by the confocal parameter b = 2m(wg)?/A [87]. For focused diameters of the
order of a few micrometers, this results in a large difference in waveguide sizes in the
two directions. This asymmetry becomes particularly severe when the waveguide size is
increased, as required for waveguiding at the optical communication wavelength of 1.5
pm, thus greatly reducing the efficiency of fiber butt coupling in conventional telecom-
munications setups[87]. To circumvent this problem Osellame et.al. introduced a novel
focusing geometry in which the femtosecond writing beam is astigmatically shaped by

changing both the spot sizes in the tangential and sagittal planes and the relative posi-
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tions of the beam waists. This shaping allowed the modification of the interaction volume
in such a way that the waveguide cross section can be made circular and with arbitrary
size[88]. Another simpler way is to use a rectangular slit oriented parallel to the writing
direction [76]. In transverse LDW, by placing a rectangular slit close to the focussing
objective acts as diffractive element and helps in redistribution of the laser intensity gra-
dient around the focus [89]. Various structures were written by placing a rectangular slit
of different dimensions (2mm, 1.5mm, 0.5mm) before the focussing microscope objective.
For a particular slit width, line-structures were inscribed by varying the incident laser
intensity and the translation speed of the samples, the process is repeated for all other
slit widths mentioned above. The incident laser intensity shown in the figures was mea-
sured before the focussing by objective and after the slit was placed (the typical values
of energy per pulse are varied from < 5 p J to 75 p J). The higher end was fixed at
around 80-90 p J, as energies above this were observed to damage samples. The typical
speeds of the sample translation were 10, 25, 50, 100, 250 and 500 pm/second. To avoid
sample damage, lower translation speed (< 50 @ m /second) were not employed while
inscribing micro-structures at higher incident laser intensities (> 40 p J). Similarly higher
translation speed were not used at very low incident laser intensities (< 20 p J) as the
modifications induced by laser inscription in the samples at such experimental conditions
were minimal or negligible, and the could not be imaged by the confocal microscope even

when operated higher magnifications.

The confocal-microscope images of the structures written without a slit and with a
slit of 500 pm placed before the focussing objective, are shown in the figures 4.15, 4.16.
(The wobble seen in some of the structures can be avoided by using a vibration isolation
optical tables for mounting the nano-positioner. )In every sub-figure, it can be seen that
the incident femtosecond laser intensity (pulse energy) and the width of the slit used

are mentioned on the top, while at the bottom of every figure the line structure label
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Figure 4.15: Confocal Microscope images of the waveguides inscribed in Baccarat glasses
(rectangular Slit was not employed)
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Figure 4.16: Confocal Microscope images of the waveguides inscribed in Baccarat glasses
(a rectangular Slit of 0.5 mm was used for laser beam shaping)
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Figure 4.17: Microscope images of structures

number and the corresponding speeds(y m /second) at which the sample was translated
is mentioned. As seen from the figures the width of the structures written at lower speed
are broader than those written at higher speed; in fact when the samples are moved at
lower speeds a particular region is exposed to more number of laser shots, hence the
area modified is more. The structures written using a slit at moderate laser intensities (
around 20 , 30 p J) and at speeds of (250, 500 1# m /second) on visual inspection through
the microscope images appear more smooth as compared to structures written without
using slit.

The diffraction from the rectangular slit combined with the effects due to repetitive
exposure of a spot and the translation speeds, some interesting inscribed structures were
observed. Figure4.17(a) shows a sub-micron structure with width of 750 nm. The con-
tiguous pearl [4.17(b)] structured micro-line can be used as waveguide attenuators [15]
as these structures scatter light. The modification seen in figure [4.17(c)] are parallel to

scale bar, and are periodic. These modified planes are perpendicular to the line structure
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are similar to the Fiber bragg gratings.

4.2.5 Near-filed Mode profiles and Loss measurements of Waveg-

uide in Baccarat glass

Figure 4.18: Demonstration of waveguiding in the waveguide inscribed in Baccarat, a
He-Ne 632 nm cw laser was used.

Using the ’end-fire’ (4.18 (a)) method 633 nm cw laser light was coupled into the
waveguides. As expected the coupling was seen only in waveguide structures inscribed
using a slit. The figure clearly indicates the streak of light guided along the waveguide
whereas a small detuning of the laser beam path shows the streak vanishing [4.18 (b)].
This serves as an initial and fast test to verify whether a structure inscribed acts as a

waveguide or not.

Near-field Waveguide Mode profile

The schematic diagram of the set-up for acquisition of near-field mode profiles of
waveguides is shown in the figure 4.19. The laser source is a semiconductor tunable laser
(ECL-200, Santec), with a fiber coupled output. The laser light from this fiber is butt-

coupled into waveguides. The radiation from the exit face of the waveguide is collected
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Figure 4.19: Schematic diagram of set-up for acquisition of near-field mode profiles of
waveguides
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by an 20 X objective and is focused on a Vidicon camera (C-2400, Hamamatsu). The
near filed mode profiles are grabbed by a computer connected to the camera.

The optical properties of the structures were tested with the help of cw laser tuned
to operate at 1600 nm (1600 nm was chosen in order to avoid absorption from the doped
Er). The results show that there is indeed a positive refractive index change sufficient
enough for light to be confined and guided through them. Figure 4.20(a) shows a typical
mode profile of the output from a fiber. Figure 4.20 (b) shows the near field of the mode
profile of a typical waveguide written using a slit of 1.5 mm while scanning the sample at
a speed of 500um /sec and an input energy of 30 uJ. The figure 4.20 (c) is the near field
profile of a waveguide written with the same parameters as above but without a slit. The
effect of the slit is clearly seen in the figure 4.20 as the mode profile is fairly circular and
is comparable to fiber mode, whereas the wg profile without the slit is highly elliptical
and it is bigger in size. The profile of the waveguide output 4.20 (b) clearly indicates

single mode propagation.
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Figure 4.20: Comparison of near-field mode profiles of (a)Fiber , (b) Waveguide inscribed
using a rectangular Slit and (c¢)Waveguide inscribed without a rectangular Slit
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Figure 4.21: Propagation loss measurement in the waveguide(see the text for the descrip-
tion)

A very important parameter to asses the quality of the fabricated waveguides are
propagation losses (PL). The set-up for waveguide loss measurement is similar to that
of the mode-profile acquisition (see figure 4.19), the camera is replaced by a Germanium
detector to measure the power output from the waveguide P,,; and from the fiber P;,.

Figure4.21 illustrates the various loss mechanisms involved. The laser light(1600 nm) is
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butt-coupled into a waveguide using a fiber. An 20 X objective is placed such that the
exit face of the waveguide is at the focus. The laser light at the exit face of the waveguide
is collected by the objective and the intensity measured by the detector; this gives the
output power P,,;. As shown in the figure 4.21(b), the waveguide is removed and the
fiber is moved close to the objective such that the fiber exit face is now in focus. The
laser intensity from the fiber is measured and this gives the input power P;,. The total

loss T, is given by the equation

P out
P,

T, = —10logg (4.2)

T1 is the loss in the fiber used for waveguide coupling and T2 the loss due to the collection
end (Objective, detector). The total loss Tp in the waveguide is the sum of the losses
due to Fresnel losses ( F1, F2), coupling loss (CL) between the fiber and waveguide and

the Propagation loss (PL)

Ty, (in dB) = [T1 + T2+ Fl1+ F2+4 CL+ PL]— [T1+ T2 (4.3)

assuming F'l1 = F2 = FL

Hence PL (indB) = T, — (2 FL) — CL (4.4)

The near field profile of the waveguide written with a slit of 0.5 mm at a speed of 50
 m / sec is shown in the figure 4.22. This waveguide has the lowest total loss (T) of
2 dB as compared to other waveguides. The CL is estimated from the extent of overlap
of the fiber mode with that of the waveguide mode. The CL in this case is estimated to
be 0.7 dB, the calculated Fresnel’s loss (FL) are 0.2 dB. By using the equation 4.4 and
inserting the values of CL and FL, the Propagation loss in the waveguide of 1 cm long is

obtained to be < 0.9 dB / cm ( It was observed through a microscope that end surface
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Figure 4.22: Near field mode profile of waveguide

of the waveguides are not polished to the desired level of smoothness ). Since the PL
value is strongly dependent on the CL, the estimated propagation loss value is expected
to be much lower than the 0.9 dB / cm after better polishing of the end surfaces. )

The figure 4.23 shows the plot of the total loss in dB vs the sample translation speed.
The graphs with circles (filled circles represent 75 p joules pulse energy; circle represent
30 u joules pulse energy) shows the loss of waveguides written using a slit of 0.5 mm and
the triangles (filled triangles represent 75 p joules pulse energy; triangles represent 30
i joules pulse energy) show the loss of waveguides written with a slit of 1.5 mm width.
The following conclusions can be drawn from the figure 4.23.

1) Effect of Slit width :

As can be seen from the graph the waveguides written using a slit of width 0.5 mm
(circles) have lower losses as compared to those written using a slit of 1.5 mm (triangles).
2) Effect of Pulse energy

For any of the two slit width, the waveguides written at 30 p joule pulse energy have
relative low losses compared to the waveguides written with 75 p joule pulse energy .

This shows that the modification with pulse energy of 30 p joule is optimal leading to
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Figure 4.23: Waveguide losses Vs the LDW parameters

better confinement of the laser light and for pulse energies more than 75 p joule seems
to induce damages inside the waveguides leading to high losses.

3) Sample translation speed:

For a given slit width and pulse energy an optimal sample translation speed can be
associated ( 50 g m / sec in case of circles and 250 p m / sec in case of triangles )
leading to a low loss regime. At lower writing speeds, owing to the multiple exposure
of a zone of the sample, the damage induced may be high leading to high losses in the
waveguides. At higher speeds due to lack of proper overlapping between the modified
zone, the confinement of the laser light may be poor leading to high losses. As stated
previously the waveguide with relative low loss ( PL of 0.9 dB / cm ) was written with

a slit of 0.5 mm at with a translation speed of 50 p m / sec.
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4.3 Conclusions

Various micro-structures of different shapes and width were inscribed into the Fused
Silica, Foturan, Zinc-tellurite and Baccarat glasses. Micro gratings were fabricated in
the above mentioned glasses using femtosecond direct writing. Refractive index change
in these structures was estimated using optical diffraction technique and was found to be
in the order of 1073 sufficient for wave guiding applications. Confocal PL was observed
from the LDW modified regions of in Foturan sample. Micro-Raman mapping of gratings
in Baccarat confirmed the periodic refractive index change leading to the formation of
grating . Waveguiding was demonstrated in the structures written in Baccarat glasses
using a rectangular slit. With optimization of LDW parameters like the slit width, sample
translation speeds and pulse energies, propagation loss < 0.9 dB / cm is achieved in the

waveguides in Baccarat.
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Chapter 5

Conclusions & Future perspectives

5.1 Materials and Characterisation techniques

The research work was carried out with the following main objectives,
e to find novel suitable host material for Er3* ions,
e to achieve Er®" luminescence enhancement using Silver as sensitizer, and
e to fabricate waveguides, micro-structures by LDW in various glasses.

The results of the same were presented in previous chapters in detail. The summary of
the results highlighting the most important results are presented here. The following are
the list of samples which were characterised

Materials worked on:

e Modified Silica Baccarat glasses activated with Er
e Zinc-Tellurite glasses activated with Er
e Silver as sensitizer: Er doped Ag ion-exchanged silicate glasses

e Agion exchanged Phosphate glasses co-activated with Er
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e Sodium phosphate glasses activated with Er 34+ co-doped with silver

e Fused Silica, Foturan” , GE124, Zinc-Tellurite and Baccarat glass: Direct-writing

of optical waveguides, and microstructures using a femtosecond Laser

The following are the main characterization techniques/tools used to characterize
the refractive index, thickness, propagation losses, emission properties and the quantum
efficiency of the emission of the Er®* activated glasses under investigation. Character-

ization Techniques:

e m-line ( for Refractive index, waveguide loss measurements)

Laser Scanning Confocal Microscopy
e Luminescence, Excitation spectroscopy, and lifetime measurements
e Raman spectroscopy (Micro/Macro)

e XPS

UV-Visible, FTIR absorption spectroscopy

e TEM

5.2 Summary of results

The Baccarat glasses, with molar composition: 77.29 Si02: 11.86 K20: 10.37 PbO:
0.48 Sb203, have been produced by a conventional melt-quenching technique. Two
different sets of samples were produced, containing 0.2 and 0.5 mol% of Er®** ions. Optical
spectroscopic characterisation of these glasses reveals that the glasses have these salient

features

e High transparency: Raman and Absorption measurements show high trans-

parency of glass
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e Low OH content: The OH concentration from FTIR absorption spectra are

estimated to be low as 3.6 X 10 cm™3.

e No NIR-to-visible upconversion: implies (a)Er3+ ions are homogeneously
distributed in the glass matrix signal has been detected. The non-appearance of
upconversion in Baccarat glasses indicates that most of and that (b) absence of

interaction clusters as well as chemical clusters are practically absent.

e Lifetimes:The ‘I 3/, metastable of the Er3+ ions decay curves present a single
exponential profiles; with a lifetime value of 11.5 ms, 14.2 ms for the sample doped

with 0.5 mol %, 0.2 mol % of erbium respectively

e High Quantum efficiency:quantum efficiency reaches very high values, up to
79.8 % in the case of a calculation based on the Judd-Ofelt theory, for the 0.2
mol % Er3+ — activated glass and remains among the highest quantum efficiencies

estimated in pure or modified-silica host glasses

Erbium-doped soda-lime-silicate and phosphate thin plates were co-doped with Ag by
using silver-sodium ion-exchange and later submitted to various heat treatments in air.
Bulk Sodium phosphate glass activated with Er and codoped with silver were prepared,
these glasses were subjected to heat treatments. The most important results are as

follows

e Luminescence Enhancement: The Er3+ PL at 1.5 ¢ m is found to be increased
for nearly all excitation wavelengths from 400 to 500 nm in the Ag -ion exchanged

annealed Silicate samples

e Bulk Phosphate glasses:The radiative transfer, i.e reabsorption, dominates on

the very weak non-radiative transfer.

e Silicate samples: Though radiative mechanism of energy transfer is active, the

non-radiative mechanisms are dominant, the enhancement of the erbium lumines-
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cence in a silver doped glass is due to a energy transfer process from silver species,

especially dimers.

With the focuses on the development of Laser Direct writing for inscription of micro-
structures and waveguides and setup was home-built and optimized. Various micro-

structures , micro gratings, waveguides were inscribed into glasses.

e Micro-gratings:Gratings were inscribed in fused silica, foturan, gel24, zinc-tellurite
and Baccarat glasses. The change in refractive index is calculated to be of the order

of 1073 from the diffraction efficiency measurements.

e Sub-micron structure:By placing a slit (of appropriate dimension) before the
microscope objective, a structure of width 750 nm (less than diffraction limit) is

written in Baccarat glass

e Demonstration of Waveguiding:Waveguiding was demonstrated in the struc-
tures written in Baccarat glasses using a rectangular slit. The lowest estimated

propagation loss in the waveguide achieved is 0.9 dB / cm

5.3 Future perspectives: Direct application to the
Industry

The optical and spectroscopic properties of this modified-silica glass make it well adapted
as host medium for the light propagation and a good candidate for many applications
in telecommunication systems. The laser action shown by the micro-spheres of Baccarat
glass fabricated by plasma torch method amply substantiates the fact that Baccarat is
a good glass. Research aimed to demonstrate correlation of silver nanoparticles and/or
multimers with 1.5 4 m luminescence enhancement has to taken advantage.

The development of erbium-doped integrated optical amplifiers so far has followed

three main manufacturing routes:
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(a)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;

(b) fabrication of a rare-earthdoped bulk glass by conventional melting process or by sol-
gel, and subsequent fabrication of the waveguide by diffusion processes (by ion-exchange,
in particular);

(c)deposition of a glass thin-film waveguide containing rare-earth ions by RF magnetron
sputtering, chemical vapour deposition (CVD), electron-beam vapour deposition, flame
hydrolysis deposition (FHD), or sol-gel processes .

The LDW using femtosecond laser has openend new vistas in this field, efforts are in
the direction to fabricate waveguide amplifiers in Baccarat , zinc-tellurite glasses. Micro-
fluidic channels are to be inscribed into the Foturan glass and integrate them with the
waveguides written by LDW with the aim of developing waveguide sensors for Integrated

optic applications and to realize the 'Lab on Chip’ concept.
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