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Introduction

It’s well recognized that phosphate glasses fabricated by melting possess good
chemical durability, excellent optical properties, ion exchangeability and fiber-shap-
ing ability. The fantastic review article of Prof. Doris Ehrt of Otto-Schott-Institut
clearly describe the state of art, including pros and cons of phosphate-based photonic
systems [DorisEhrt2015]. Furthermore they allow for a very high rare-earth ions
loading with limited clustering effect and reduced photo-darkening, which leads to
the possibility of fabricating compact optical gain devices. However, all these glasses
are characterized by complex multi-composition which is not suitable for fabrication
of planar structures, useful for integrated optics application by chemical or physical
methods. Moreover fabrication of planar structures by ion-exchange and especially
by fs laser machining is not immediate and some problems of reproducibility are still
present. Sol-gel technique is a suitable method to overtake several constraints given
by the melting approach and the phase diagram limits could be not so strict. So I tried
to exploit the opportunities of phosphate and the skills of my group in order to deve-
lop a detailed study concerning the fabrication of P.Os based planar waveguides ha-
ving in mind to strongly reduce the complexity of the phosphate glass composition
and, when possible, to limit the system to max three components. The structure and
properties of these very interesting optical glasses depend mainly on the molar rela-
tion between components, and really few works report experimental data especially
on the range of composition (binary or ternary). This compositional aspect is one of
the main reasons suggesting us to move on parallel approach, i.e. chemical and phys-
ical deposition techniques. For these reasons we developed by RF-sputtering and sol-
gel dip-coating techniques planar waveguides activated by Er** ions and based on
Phosphorous system. The preliminary results on the fabricated planar waveguides are

reported.



This research is a step toward the crucial outcome to develop photonic glasses allow-
ing for a very high rare-earth ions loading, with limited clustering effect and reduced
photo-darkening, which lead to the possibility of fabricating compact optical gain de-
vices. The structure of this thesis is as follows:

Chapter 1 introduces the clustering issues of RE- doped systems and its effect on
spectroscopic properties in glass matrices, also this chapter is providing an historical
overview.

Chapter 2 provides an overview on classes of sol-gel chemistry and description of
S10,-HfO,-P,0s system, and two the most popular techniques used for sol-gel de-
rived films fabrication.

Chapter 3 is focused on sol-gel fabrication of Erbium activated SiO.-HfO,-P,Os pla-
nar waveguides, prepared with different Phosphorous precursors, then investigation
of their spectroscopic properties is reported.

Chapter 4 provides a description of a sputtering process for planar waveguides fabri-
cation, and spectroscopic tenchiques used for their characterization.

Chapter 5 introduces the experimental work on Phosporous based planar waveguides
produced by RF-technique. Results of spectroscopic measurements are reported.
Chapter 6 is focused on reconstruction of dispersion curve in a multilayered SiO;-
HfO,-P>0s system, from an experimentally obtained values of transmittance.

Chapter 7 reports on morphological investigation of sol-gel and RF-fabricated planar
waveguides using SEM and AFM measurents.

Chapter 8 provides a general description of stress and strain formation in thin films
and calculation of stress in silica hafnia system.

The main objectives for this work were:

« optimisation of sol-gel fabrication protocol for Er 3* -doped SiO»-HfO,-P,Os planar
waveguides: choice of matrix composition, precursors, technological performance,

heat treatment conditions. Investigation of the spectroscopic properties of Er **-doped



S10,-HfO,-P>0s planar waveguides depending on the type of Phosphorous precur-
SOrS.

* optimisation of the magnetron RF technique for Phosphorous based planar wave-
guides fabrication: deposition rate and time, power, pressure, etc. spectroscopic in-
vestigation of prepared waveguides.

* characterisation of Phosphorous doped planar waveguides for understanding their
morphological, structural properties

* dispersion curve reconstruction for sol-gel derived waveguides.

* stress investigation into the planar waveguides for better control of technological

performance during the waveguides fabrication process.

[DorisEhrt2015] Doris, E. “Phosphate and fluoride phosphate optical glasses- proper-
ties, structure and applications”, Phys. Chem. Glasses: Eur. J. Glass Sci. Technol. B,

56 (2015), pp. 217-234
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1. Review of literature

1.1.

The lanthanides

Chapter 1

The history of lanthanides started in 1787 year with discovery of a new mineral

by a Swedish lieutenant Carl Axel Arrhenius in a quarry in the village of Ytterby

[Chapter 11].

Rare-earths are the elements of Periodic table with the atomic number from 57

to 71 are known as the lanthanides. These trivalent ions are characterized by a gra-

dual filling of the 4f orbitals, from 4fy (for La*") to 4fi4 (for Lu*"). Originally the

name rare-earth ions were used for any rare-element oxides. At the present time situa-

tion is blear, some authors include only 14 elements, and others include Lanthanum,

Scandium and Yttrium (Table 1.1.1) [Chapter 11].

Table 1.1.1. The lanthanides historical overview [Chapter 11].

Rare-earth el- Symbol | Origin or the name | Discoverer Year of Dis-
ements covery
Cerium Ce Roman god of corn; | C.G. Mosander 1803

first asteroid disco-
vered in 1801
Lanthanum La An ancient Greek | C.G. Mosander 1839
word meaning “to-
lurk”
Erbium Er The village of C.G. Mosander 1843
Ytterby
Terbium Tb The village of C.G. Mosander 1843
Ytterby
Holmium Ho Holmia is the Latin P.T.Cleve 1878
name of Stockholm,
where Holmium
was discovered
Ytterbium Yb The village of J.C.G. de Ma- 1878
Ytterby rignac
Samarium Sm The mineral samar- L. de 1879
skite was named af- | Boisbaudran

13




ter Russian engineer
Vasili Samarsky-
Bykhovets (1803-
1870)

Thulium

Tm

Thule is the Greek
name for the north
European region,
including Scandina-
via, where the ele-
ment was disco-
vered

P.T.Cleve

1879

Gadolinium

Gd

From the mineral
gadonilite, which
was named after
chemist Johan Ga-
dolin

J.C.G. de Ma-
rignac

1880

Praseodymium

Pr

Word meaning
“lime-green didym-
um”, because it
was discovered in
the form of green
compounds

C.A.von
Welbach

1885

Neodymium

Nd

Word meaning
“new didymium”

C.A.von
Welbach

1885

Dysprosium

Meaning “difficult
to get”, it 1s compli-
cated to separate
this metal from
Holmium oxide

L. de
Boisbaudran

1886

Europium

Eu

Named for the con-
tinet of Europe

E.A.Demarcay

1901

Lutetium

Lu

Lutetia 1s the Latin
name for Paris,
where it was dis-
covered

G.Urbain

1907

Promethium

Promethius is the
Greek god who
brought the fire to
mankind

J.A . Marinsky
L.E.Glendenin
C.D.Coryell

1947

The interesting property of rare-earths is their PL ability in the wide spectral

range. Depending on the RE ion the emission color is different that could be a charac-
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teristic feature of the particular ion. For instance, Eu** emits red light, Tb** green
light, Sm*>* orange light, and Tm>" blue light. Such an ions as Yb**, Nd**, and Er*" are
shows luminescence in the near-infrared. Pr**, Sm**, Dy*", Ho*, and Tm*" also
demonstrate transitions in the near-infrared region.

All RE ions, except Lanthanum are f-shell elements. Luminescence properties
of RE are explained by its electronic configuration and emission is caused due to
transitions inside the 4f shell (f-f transitions). The 4f orbitals are gradually filled
when moving from Ce** to Lu®*.

The partially filled 4f shell is shielded from the chemical environment by the
5s? and 5p° shells. This shielding is responsible for the narrowband emission and for
the long lifetimes of the excited states. The general electronic configuration of lan-
thanides is denoted as [Xe]4f5d'6s?, where [Xe] is the electronic configuration of
Xenon, and n represents the number of electrons from 0 to 14. Furthermore, two
types of electronic configurations [Xe]4f"6s*(Ce**, La**, Er*’, Ho*", Yb*', Sm*",
Tm?*, Gd**, Pr**, Nd*', Dy*', Eu*', Lu*" and [Xe]4f-15d'6s? (n=1-14, La**, Ce**,
Gd*', Lu’*") for the lanthanide atoms is possible depending on the relative energy
levels. For Terbium are both configurations are energetically close [Binnemans
2009].

Cerium is an exceptional element that exhibits intense broadband emission due
to f-d transitions. The emission maximum of the Ce*" depends on the ligand envi-

ronment [Binnemans 2009].
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Figure 1.1.1. A diagram depicting the approximate energy levels for aqueous
lanthanide ions [Carnall 1968].

An energy levels for the triple-charged ions of each of the 13 lanthanides from
Cerium to Ytterbium with unpaired electrons on 4f orbitals (Fig.1.1.1). The observed
absorption and luminescence is because of the intraconfigurational f-f transitions.

Various luminescence is occurred depending on the method of excitation, for
example, photoluminescence (emission after excitation by irradiation with electro-
magnetic radiation), electroluminescence (emission by recombination of electrons
and holes under the influence of an electric field), chemiluminescence (nonthermal
production of light by a chemical reaction), or triboluminescence (emission observed
by applying mechanical stress to crystals or by fracture of crystals). In general the
lanthanide compounds can be divided on inorganic compounds (lanthanide phos-
phors) and molecular lanthanide compounds (i.e. diketonate complexes). A molecular
lanthanide complex is embedded in an inorganic matrix (sol-gel materials) or an in-
organic lanthanide compound is embedded in an organic matrix. Such materials are
defined as lanthanide-based organic-inorganic hybrid materials [Binnemans 2009].

16



1.2 Non-radiative and radiative relaxation of excited lanthanide ions

In spite of efficient PL the RE are tends to show weak light absorption. For the
most of transitions in the absorption spectra have the molar absorption coefficients ¢
smaller than 10 L mol™! ¢cm™!, and only a very limited amount of radiation is absorbed
by direct excitation in the 4f orbitals. Since the luminescence intensity is not only
proportional to the luminescence quantum yield but also to the amount of light ab-
sorbed, weak light absorption results in weak luminescence. However, the problem of
weak light absorption can be overcome form antenna effect (or sensitization). It was
observed that lanthanide complexes with organic ligands upon excitation in an ab-
sorption band of the organic ligand have demonstrated an intense metal-centered lu-
minescence. More light can be absorbed by the organic ligands than by lanthanide
because of the intense absorption bands of organic chromophores. The excitation en-
ergy from the organic ligands to the lanthanides is transferred by intramolecular en-
ergy transfers. The phenomenon of the the Eu** complexes of salicylaldehyde, ben-
zoylacetone, debenzoylacetone, debenzoylmethane, and meta-nitrobenzoylacetoen
was described in the work of Weissman and then proved by experiments of Sevchen-
ko and Trofimov [Binnemans 2009, Carnall 1968, Weissman 1942].

The mechanism of the energy transfer from the organic ligand to the RE ion
were investigated in 1960s, and research in the field of luminescent materials based
on molecular lanthanide complexes is in progress.

The energy transfer mechanism from the organic ligands to the lanthanide was
studied by Crosby and Whan [Binnemans 2009, Whan 1962, Crosby 1961, Crosby
1962].

Lanthanide complex with organic ligands are excited to a vibrational level of
the first singlet state upon irradiation with ultraviolet radiation. The molecule under-
goes fast internal conversion to lower vibrational levels of the S1 state. When the ex-
cited singlet state are relaxed to the ground state or undergo nonradiative crossing

from the singlet state S1 to the triplet state T1 occurs molecular phosphorescence.

17



The complex can undergo a nonradiative transition from the triplet state to an excited
state of the RE ion. The RE ion can undergo a radiative transition to a 4f state or re-
laxed by nonradiative processes. The explanation of nonradiative relaxation of the
lanthanide ion by its vibronic coupling with the ligand and solvent molecules were
explained by Whan and Crosby. The typical example of such process is Tb** and Eu**
ions which are not efficient due to the short lifetime of the singlet excited state. The
work of Veggel and co-workers showed the direct excitation 4f levels of a Nd** ion
for dansyl- and lissamine-functionalized Nd** complexes from a singlet state [Binne-
mans 2009, Kleinerman 1964, Misra 2008, Yang 2004, Hebbink 2002].

The RE ion luminescence is possible from the resonance levels characteristic
for different lanthanide ions. When the lanthanide ion is excited directly by 4f levels
excitation or by energy transfer, the excitation energy is dissipated via non-radiative
process until a resonance level is achieved [Binnemans 2009].

The population of the resonance level can be achieved when the lowest triplet
state of the complex is placed at an energy level equal or above the resonance level of
the RE ion. Molecular fluorescence or phosphorescence of the ligand is observed
when the energy levels of the organic ligands are below of the resonance level of the
lanthanide ion and no light emission occurs [Binnemans 2009].

Changing the ligand is possible to control the luminescence intensity of the lan-
thanide because the position of the triplet level depends on the type of ligand. Some
remaining ligand emission combined with the lanthanide-centered emission can be
also observed [Binnemans 2009].

If the ligand-to-metal charge transfers (LMCT) lays at low energy levels its
quench the luminescence in some extent. For instance, Er** sensitization through a
LMCT state exhibit metal-centered luminescence, if the energy of the LMCT is high-
er than 25 000 cm™! [Binnemans 2009, Lazarides 2008A, Ward 2007, Ronson 2005,
Lazarides 2008B, Shavaleev 2003, Chen 2008].

The efficiency of the emission process in RE doped materials can be evaluated

through the luminescence quantum yield ®@ (Eq.1), which means the ratio of the emit-

18



ted photons to the absorbed photons per time unit [Binnemans 2009, Fery-Forgues
1999].

D=mem (1)

Nabsp

where Ny, 1s the number od emitted photons and N, is the number of ab-
sorbed photons.

Sensitization of the RE ion depends on the level can go through several migra-
tion paths, for this reason the quantum yield of the lanthanide complexes depends on
the excited state of the ligand (metal ion).

The total luminescence quantum yield @y of lanthanide complexes (Eq.2) is
determined by the efficiency of sensitization or energy transfer (#sens) and by the
quantum yield of the lanthanide luminescence step (®rn) [Binnemans 2009, Werts
2004].

Dio= NsensPrn (2)

The direct excitation in the 4f levels of the RE ion gives the intrinsic quantum
yield (®rn). Orn 1s defined as the rate constants for radiative relaxation (k) and non-
radiative relaxation (k) by the following relationship, Eq. 3:

Dot = ki (ke + k) 3)

The intrinsic quantum yield (®r,) shows how efficient is the radiative process
compete with non-radiative processes. K; is a factor independent from temperature.

Quench of the energy transfer and OH-, NH- vibrations contribute to k; and has
strong influence of the RE luminescence. The nonradiative processes have an influ-
ence on the observed luminescence lifetime, and do not the radiative lifetime [Bin-
nemans 2009, Haas 1971].

The physical meaning of the radiative lifetime is the time of an excited state in
the absence of nonradiative transitions. The temperature-dependent element contri-
butes the rate constant of the nonradiative processes when upper-lying short-lived ex-
cited states are thermally reached. The temperature-independent element is accounted
when relaxation to the ground state occurs.

The intrinsic quantum yield can be obtained using the Eq.4:
19



Dpy= 2 4)

Trad

where the observed lifetime can be derived from intensity decay curves.

Radiative lifetime of Nd**, Er**, and Ho>" can be calculated with the experi-
mentally derived Judd-Ofelt intensity parameters, which can be obtained from the RE
optical absorption spectra. For Pr** ions is complicated to apply Judd-Ofelt theory.
Radiative lifetime of Eu®" can be determined using Einstein coefficient for sponta-
neous emission A of the magnetic dipole transition D — F/, the refractive index n,
and the ratio of the total integrated intensity to the integrated intensity of the n, and
the ratio of the total integrated intensity to the integrated intensity of the D§ — F/
transition. The total quantum yield @ can be experimentally measured [Binnemans
2009, Werts 2004].

The relative quantum yield is determined by comparison of the unknown and

reference sample, Eq.5:

o= (1) (2) () o ®)

where @ is the luminescence quantum yield, A is the absorbance at the excitation
wavenumber, E is the area under the corrected emission curve , and n is the refractive
index of the solvents used. The preferable variant is when the sample and the refer-
ence have the same absorbance at the excitation wavelength. The recommended ab-
sorbance value is up to 0.5. The emission intensity can no longer be assumed propor-
tional to the sample concentration when this value is above 0.5. If the absorbance is
too low the presence of impurities in the medium can be crucial.

The ratio (n«/n;)* is equal to unity when is the same solvent is used for the reference
and the unknown sample [Binnemans 2009].

Cresyl violet 54 % in methanol, rhodamine 101 (®=100 % in ethanol) can be
used as standards for the measurements of luminescence quantum yield of Eu** com-
plexes.

For Tb** complexes, quinine sulfate ®=54.6 % in 0.5 M aqueous H>SO4 and

9,10-diphenylanthracene ®=90 % in cyclohexane can be used. The absolute quantum

20



yield of the Eu*" thenoyltrifluoroacetonate complex [Eu(tta)s] in acetone was directly
measured in the work of Gudmundsen. The luminescence quantum yield characteri-
zes the luminescence quenching in the whole system, while the luminescence decay
time indicates the extent of quenching only at the emitting site. Bauhmik has studied
the temperature dependence of the quantum yield and the decay time for the different
Eu **-diketonate complexes in various solvents [Binnemans 2009, Eaton 1988, Gud-
mundson 1963, Bhaumik 1964].

The similar luminescence decay time at 77 K (ca.450 us) was observed for va-
rious complexes, whereas in contrast the values were different at room temperature.

The presence of fluorine in the ligands results in decrease of quenching and in
an increase of the decay time at room temperature. Luminescence decay times of the
Eu®* complexes were equal at 77 K, and the luminescence quantum yields were dif-
ferent. What means that quenching occurs also in the ligand and not only at the lan-

thanide ion site [Binnemans 2009].

1.3 Chemical limitations of RE ions concentration in the vitreous medium

The influence of chemical limitations becoming more significant when the RE
ions concentration is increasing. The concentration is limited up to 0.7-10'® cm? be-
cause one glass-constituent in silica glass is smaller than RE ion and leaves too small
space for large RE ions.

However, the RE ions works in glass matrix as glass-modifiers and not as
glass-forming compounds. That fact leads to devitrification of glass when a high RE
concentrations are used.

Al-codoping of silica matrix makes easier the homogeneous introduction of the
RE ions at low concentrations. High doping level of glass matrix could be also li-

mited by physical factors.
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1.4 Physical limitations of RE ions concentration in the vitreous medium

The physical concentration limitation takes place before chemical concentra-
tion is achieved. This limitation arises from an independent ion-ion interactions lead
to concentration quenching. The excitation energy is diffused undergo ion-ion inte-
ractions until it collected by hydroxyl groups. Clusters reveals by energy transfers be-
tween two excited ions that are placed close to each other, what results in APTE up-
conversion. Energy transfer occurs by dipole-dipole interactions at the distance about
30 A while the chemical clustering rises when the distance between the neighboring
ions is less than a few A. The radiative energy transfer can take place at the macro-

scopic distances when ions are in resonance.

1.5 Physical clustering in RE-doped glasses

At high RE ions concentration in Erbium-doped fibers not only self-quenching
arise, also non-saturable absorption of excitation level with a relative gain reduction
occurs. This leads to so-called pair-induced quenching (PIQ). Clustering is caused by
pair of ions connected by up-conversion energy transfer. This clustering process in-
volves two ions in intermediate excited state which relax quickly. Then one ion stay
in ground state (so-called non-saturable absorption), and the second ion is relaxing
from the double excited state. Physical process is common for clusters with millime-
ter or at least of several tens of A size, that is far from chemical limitations and

should be called “interaction clusters”.
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1.6 Chemical clusters and their physical signature by a co-operative lumines-

cence probe.

S I A

APTE effect Cooperative luminescence
YF3:Yb:Er YbPO4
=103 cm¥W N=10" em’/W

Figure 1.6.1. Energy diagram of APTE and cooperative upconversion process
for Tb-Er and YD ion system with their efficiencies, respectively [arranged by Auzel
2001, Auzel 1999].

In the Figure 1.6.1 is presented the energy scheme and up-conversion for
APTE effect and co-operative luminescence. On the assumption that ion-ion interac-
tions between the two RE ions caused by the dipole-dipole process, co-operative lu-
minescence and APTE could be observed with the same detectivity if the distance be-
tween the ions is long. The ratio of the critical distances (Ro) for APTE and coopera-

tive luminescence can be derived from the Eq. 5:

Ro 1 1
__coop ~ (HAPTE)E’ ~ (105)5 ~ 6.8 (5)
RoapTE flcoop

where it is assumed that the ion-ion interaction is of dipole-dipole type with R dis-
tance dependence. In this case Ry ranges from 6 to 30 A, and the Ro(coop) is around 4.5
A.

RE-doped glasses prepared by chemical incorporation of RE ions into the
glass matrix in the form of RE>O3 oxides, for fluoride in the form of REF3, and
RE>O3/ REF3 for fluorophosphates glasses. This approach works very well up to the

10%° ¢cm? RE ions concentration, then during the glass preparation process at the mel-
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ting step some ions are aggregated at the minimum interionic distances 3.5 A for
Re;0Os and 3.6 A for REFs. From the literature is known that at the 10° cm® RE ions
concentration the average distance between the ions should be about 13.4 A. Effec-
tively this distance is much greater than it was reported for doping species [Auzel
2001, Auzel 1999, Auzel 1994].

In order to minimize the clustering a new doping principle has been proposed
by Auzel and Goldner. The backbone of the idea is to introduce precursor crystallites
with already large minimum RE-RE distances. This approach ensure that if even dur-
ing the melting process of glass preparation not all of the species will be dissolved the
large minimum RE-RE distance is constant. RE crystallites were introduced into the
phosphate glass of the following composition:

P205=80,99 %, MgO=7,65 %, Li,0O=11,36 %. Phosphate glass was doped with va-
rious Yb** precursors with fixed concentration at 5.2x10%° cm? [Auzel 2001].

Obtained glass has slightly different composition when Yb** precursor contains
ions which are not present in glass composition. It is true of YbLaOs, YbOF, YbFs;.
Auzel and Goldner show that using co-operative luminescence excitation the shape
and the intensity of the absorption spectra is modified by the doping procedure. An
IR spectrum was not dependent from the doping procedure. The corresponding co-
operative luminescence is changing by the type of the doping precursor. The YbP3Oy
precursor with the largest Yb**-Yb*" minimum distance 5.2 A presents the less nor-
malized intensity. High intensity was observed for the Yb>Os precursor with the
smallest Yb*"-Yb*" minimum distance (3.5 A) [Auzel 2001]. This observation is due
to the fact that the concentration of RE introduced by the precursors was high and not
present in the glass initially.

The same effects of the RE precursors minimum distance on the intensity of
co-operative luminescence has been observed for fluorophosphates glasses. For fabri-
cation of Nd**- doped phosphate glasses was proposed to choose the glass composi-
tion close to ultraphosphate region which is near to the pentaphosphate crystal com-

position. This composition is characterized by low Nd*" concentration quenching. It
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was expected that during the first steps of phosphate glass preparation, quasi-
pentaphosphate Nd-microcrystals are present in the matrix which guarantee the mi-
nimum RE**-RE*" distance. Self-quenching can be reduced by introducing into the

glass REP,Os or REP309 instead of RE2O3 [Auzel 2001, Denker 1981].

1.7 RE clustering reduction by introduction of lanthanide molecular complexes

The clustering of RE ions in sol-gel glasses can be reduced by using lanthanide
acetate salts [Binnemans 2009, Chakrabarti 1994, Sahu 1996]. The weak light ab-
sorption by the lanthanide ions because of clustering can be solved by replacing the
lanthanide salt precursors by molecular lanthanide complexes. In a such molecular
complexes, the RE ions are surrounded by a shell of absorbing organic ligands, which
transfer the excitation energy to the lanthanide ion. These organic ligands act as a
shield preventing the lanthanide ion from interaction with the hydroxyl groups in the
matrix. It was observed the thermal stability of the lanthanide complex was also im-
proved after incorporation in a silica xerogel. The first attempts of incorporation of
the molecular lanthanide complexes in a sol-gel matrix were performed by Matthews
and Knobbe. They incorporated Eu**-diketonate complexes in a silica sol-gel glass
and studied the luminescence behavior of the [Eu(tta)3(H20):] and (pipH)[Eu(tta)s]
complexes [Binnemans 2009, Matthews 1993]. The choice of these complexes is ex-
plained by their intense photoluminescence and high solubility in DMF. The adding
of DMF to the starting solution prevents the sol-gel glass from cracking during the
drying process [Binnemans 2009, Adachi 1988]. The spontaneous emission cross sec-
tions for the glass doped with Eu*"-diketonate complexes were 2-3 orders of magni-
tude more intense than those for glasses doped with hydrated EuCls. Yan et al. stu-
died the luminescence lifetime of the [Eu(dbm)s(phen)] and [Tb(acac)s:(phen)] com-
plexes into a silica sol-gel glass. The luminescence lifetime of the complexes was
found to be longer than that for the pure complexes in the solid state [Binnemans

2009, Matthews 1994, Yan 1997].
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The preparation of compact silica glass based on a xerogel doped with molecu-
lar lanthanide complexes is limited by their thermal stability and prevents heating the
samples to 800 °C and higher temperatures. The luminescence intensity decrease ra-
pidly due to the thermal decomposition of the complex.

Lanthanide complexes can be dissolved in the sol-gel solution, but they are of-
ten not stable in the acidic precursor solution. Instead of the complex, the ligands and
a lanthanide salt can be added to the precursor solution. The complex formation oc-
curs in situ during the transformation of the gel into a xerogel [Binnemans 2009, Sun
2005A, Qian 1997, Sun 2005B].

For instance, a [Eu(tta)s]-doped sol-gel film made of a sol codoped with EuCls
and Htta,where the Europium(IIl) -diketonate complex was gradually formed upon
heat treatment. At the temperatures above 130 °C, the luminescence intensity reduced
due to the decomposition of lanthanide complexes [Binnemans 2009, Hao 1999].

Another way to absorb efficiently the light and transfer the excitation energy to
the lanthanide ion is to replace the organic ligands by inorganic nanoparticles.
Tb**-containing glasses codoped with Ce*" shows enhanced luminescence due to in-
tense absorption in the ultraviolet region, and the excitation energy can be transferred
to the energy levels of Tb** [Binnemans 2009, Gutzov 2006, Malashkevich 2004, Jia
2006].

The enhancement of Eu** luminescence in sol-gel glasses can be achieved by
Bi**codoping. Eu**ions can be also sensitized via Eu?" ions that are present in the
sample. It is also possible to prepare sol-gel glasses that contain only Eu®" ions. It was
notices that the emission intensity of Eu?" in a silica sol-gel glass was increased by
about 250 times by cooping of the glass with 1 % of Alumina [Binnemans 2009, Kim
2001, Biswas 2000, Nogami 1996].

The increase of luminescence intensity in Tb*" doped silica glasses was ob-
served when Germanium was incorporated into the matrix, probably due to energy
transfer from Germanium-related defects in silica [Binnemans 2009, Bredol 2002,

Bredol 2003].
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Sol-gel derived glasses are usually composed of silica (Si02). The silicon
alkoxide precursors can be replaced by other metal alkoxides that will allow to obtain
other types of oxide materials like Germania (GeO.), Titania (T10z), Zirconia (ZrOy),
Alumina (Al>O3), Hatnia (HfO;), Tantalum (Ta,Os) [Binnemans 2009, Kojima 2000,
Lecomte 1991, Kiisk 2005, Gapotenko 2001, Palomino-Merino 2001, Reisfeld 2001,
Reisfeld 2003, Bucella 2004, Reisfeld 2000, Ciuffi 2002, Kurokawa 1998, Kiisk
2005, Chacon-Roa 2008, Villanueva-Ibanez 2003, Li 2000]. These metal and transi-
tion-metal alkoxides are more reactive in hydrolysis and condensation reactions than
the Silicon alkoxides. It is possible to obtain mixed silica-metal oxide gels by mixing
these metal alkoxides with Silicon alkoxides. Silicon substitution by other metals in
the sol-gel glasses allows tuning of the physical-chemical properties such as refrac-
tive index, and reaching a more homogeneous dispersion of the lanthanide ions in the
glass matrix. Mixed oxide systems are characterized by formation of discrete crystal-
line phases during synthesis, for instance, Er2Ti207 formation in the Erbium-doped
S10,-TiO2 system. Zirconia and hafnia active planar waveguides are very interesting
due to their similar properties: chemical and photochemical stability, high refractive
index, and low phonon energy. Hafnia and Titania coating can undergo photochemi-
cal damage after long-term exposure. Zirconia sol-gel glasses are a suitable medium
for near-infrared lanthanide ions. The luminescence intensity of Eu** and Tb*" ions is
higher in Zirconia host matrix than in silica sol-gel glasses. The high refractive index
and the high dielectric constant of the Zirconia matrix allow the higher luminescence
intensity. Some of the lanthanide ions exhibit luminescence in Zirconia glasses and
not in silica glasses. This phenomenon was explained by the clustering formation of
Sm®" ions in silica glasses, resulting in cross relaxation [Binnemans 2009, Koslova
1993, Coutier 2000, Strohhofer 1998, Zevin 1997, Goncalves 2004].

The preferred method of Alumina films preparation is not via an alkoxide pre-
cursor but via an aqueous sol-gel route through the hydrolysis of an aqueous AICl3

solution by an aqueous NHj3 solution [Binnemans 2009, Ishizaka 2001].
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The reason for incorporation of the spectroscopically active lanthanide ions in
sol-gel xerogels and glasses is to use these ions as spectroscopic probes for studying
structural changes in the sol-gel matrix during transformation of gel into a xerogel
[Binnemans 20009].

One of the interesting systems was a sol-gel glasses doped with Yb*", Er’*.
Yb** absorbs the light and transfer the excitation energy to the Er**, which has near-
infrared luminescence [Binnemans 2009, Orignac 1999].

Codoping is usually used to prepare near-infrared emitting glasses. Cerium-
doped sol-gel glasses show strong broadband light absorption in the visible spectral
region. The intense absorption bands were attributed to the presence of Ce*"-O-Ce**
and Ce*"-O-Fe** clusters [Malashkevich 2002].

Codoping of porous xerogel by lanthanide ions or lanthanide complexes could
be performed by impregnation, where the xerogel is placed in a solution containing a
lanthanide-based complex or salt. This method has been used to absorb lanthanide
ions or complexes on porous Vycor glass. Another researchers obtained luminescent
material when soaked the xerogels in the solution of benzoic acid with TbCls [Bin-
nemans 2009, Hazenkamp 1990, Mack 1983, Gerasimova 2006, Bredol 1998].

Less rich information is about near-infrared emitting lanthanide complexes in-
corporated into sol-gel silica glasses. Dang et al. introduced [Ln(tta):;(phen)],
[Ln(tta)3(bipy)], and [Ln(tta)s;(tppo)2] complexes via an in situ synthesis, where Ln -
Ho, Tm, into sol-gel silica glasses. The Holmium and Thulium complexes show near-
infrared emission. The luminescence intensities of the complexes in the sol-gel glass-
es were weaker than in pure solid complexes. This effect can be connected with the
quenching of the excited states by residual OH groups. The luminescence lifetime in
sol-gel glasses are shorter than in the solid complexes [Binnemans 2009].

The lanthanide-doped sol-gel glasses present an upconversion. Upconversion is
a process which occurs when the emission energies larger than the excitation energy.
An example, Tb*"/Yb**- codoped sol-gel glasses, where Tb*" is excited via energy

transfer processes by Yb*" ions. Two near-infrared photons absorbed by Yb*"ion can
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be transformed into a green photon emitted by Tb*" ion [Binnemans 2009, Auzel
1966, Martin 2001]. Yellow upconversion was observed in a glass codoped with Yb**
and Eu**. Sol-gel silica glass codoped with 1 mol. % Yb*" shows blue cooperative
upconversion [Maciel 2000].

Red-to-blue upconversion was observed for a Tm**-doped glass and red-to-
green upconversion was observed for an Er’**- doped sol-gel glasses [Xu 1995, Otto

2000].

1.8 The effect of Aluminum co-doping. Theoretical approach
The influence of Er**- A" complexes on clustering formation process were in-

vestigated by three structural models (Fig.1.8.1) [Laegsgaard 2002].

Al Al Al

(a) (b) (©)

Figure 1.8.1. Schematic representations of various Er.O3; and Al>Os3 states in a
silica network [Laegsgaard 2002].

The first model (a) includes only Er** clusters without any codopants. The sec-
ond structural model (b) shows Er** - AI’** complex. In the third model only AI*" is
present in the absence of Er** ions. Er’* clusters formation in the solid is improbable
in the presence of sufficient O to oxidize all the cations. As development model for
clusters Er203 and Er2Si207 can be used. These structural models doesn’t consider the

kinetics of cluster growth, but thermodynamical balance between large Er clusters
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and dispersed Er-Al complexes can be modeled and studied. ErAl3Os clusters formed
in six-membered ring structure where every second silica atom is substituted with Al
ions, and the missing valence electrons are delivered by Er ion in the center of ring.
In the ErAl3Os state the Al are surrounded with four O ions at an average distance of
1.75A, and a second coordination shell of four Si atoms at an average distance of 3.2
A. At this state the Er atom is at a distance of 2.78 - 3.26 A from the Al ions. Sen and
al. obtained by EXAFS the similar distance values of 1.77 and 3.12 A, respectively.
The valence of Al and Er is equal and in absence of Er the interstitial Er can be re-
placed by Al ion (Fig. 1.8.1), and AlsOs is formed. The Al bond length in the struc-
ture depicted in Fig.1.8.1 (b) is 1.77 A and 1.80 A for the structure shown in Fig.
1.8.1 (c¢). The slight increase in the bond length is explained that the interstitial Al ion
has longer bonds than the substitutional Al ions. The structures with interstitial Al
ions are presented in Fig.1.8.1(b) and (c¢) [Laegsgaard 2002, Sen 2000].

The role of thermodynamic parameters in glassy systems depends on the fabri-
cation process of the glass. The silica glasses prepared by melting quenching tech-
nique can be considered a frozen-in state corresponding to temperature frictions be-
low the melting point (1736 °C). The Er clustering is observed during the annealing
steps. Assuming the annealing time sufficiently long for local distributions (through
diffusion process), therefore the impurity state distribution over lattice corresponds to
a thermodynamical equilibrium at the anneal temperature [Laegsgaard 2002].

Heat treatment of RE -doped glass obtained by sol-gel and PECVD methods is
used to increase the glass transparency. Increase of the RE ions concentration into the
glass matrix without RE diffusion and clustering is possible by limitation of duration
and heat treatment temperature.

Long-term annealing at high temperatures can be also reasonable from thermo-
dynamic point of view as a way to attain thermodynamic equilibrium at a temperature

high enough to favor dissolved RE ions.
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1.9 The effect of Al on the RE clustering in the glass

Each RE ion dissolved in the glass requires three non-bridging oxygens to
compensate a charge. A quite large number of non-bridging oxygens are needed to
screen the electric field of RE ions. The RE ions into a rigid silicate glass matrix can-
not induce the necessary coordination number of non-bridging oxygen atoms and the
clustering becomes energetically favorable with formation of the general non-
bridging oxygen atoms environment. The Aluminum ions embedded in the silicate
glass matrix forms AlO42” which surround RE cations and then reduce the free energy
of RE solution, increasing the solubility of them into the silica glass.

In the several works were reported that AI** codoping is effective for RE ions
dispersion in silica gel and silicate glass [Nogami 1996, Kurokawa 1998, Arai 1986
Wang 1993, Lochhead 1994, Kurokawa 1994, Biswas 1994, Pasquale 1995, Ryu
1995, Lochhead 1995, Nogami 1996, Hehlen 1997, Benatsou 1997, Nogami 1997,
Zhou 1997, Pucker 1998, Almeida 1998, Orignac 1999, Armellini 1999, Nogami
2000, Jin 2000, Xiang 2000, Rocca 2001, Ishizaka 2002]. Conclusive explication
how the RE ion isolation occurs is still under investigation. A general point of view is
that Al-O-RE bonds are forming instead of RE-O-RE when RE ions partitioned by
AP**. In the several papers the fluorescence decay has been studies to investigate the
Al¥* effect on the luminescence quantum yield in RE-doped materials [Lochhead
1995, Nogami 1997, Pucker 1998, Orignac 1999, Armellini 1999, Xiang 2000, Stone
1996, Chiasera 2003]. In the Figures 1.9.1 (a) and (b) illustrated two monolithic bulk
silica-gel glasses (EY1 and EY A3), containing 0 and 30 000 Al/Si ppm, respectively.
Both glasses were doped by the same Er*" and Yb*" concentrations, i.e. 10 000 Er/Si
(ppm) and 20 000 Yb/Si (ppm) [Chiasera 2003].
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Figure 1.9.1. Room temperature PL spectra of the “I132 — *I1s transition (a)
and decay curves from the “I13 level of Er** ions (b) under excitation at 514.5 nm,
for the 10 000 Er/Si ppm, 20 000 Yb/Si ppm SiO, gel-derived glasses with 30 000
(EYA3) and 0 (EY1) Al/Si ppm [Chiasera 2003].

In the Figure 1.9.1 (a) observed a slight rise in the flatness and in the band
width in the Al-doped glass (bandwidth of 55 nm for the Al-doped sample, versus 51
nm for the one without Al). Obtained values are similar to the results in Al-doped si-
lica glasses and larger than those in silicate glasses [Duverger 2001]. The peak posi-
tion shifts from 1532.5 nm were fixed for EY1 sample to 1531 nm for EYA3. Similar
shifts have been reported in literature for melted and sol-gel glasses codoped with Al
[Stone 1996]. Whereas both decay curves in Fig. 1.9.1 (b) are not single exponential,
but the sample (EY1) without Al exhibits a faster initial decay, indicating that Er*'-
Er*" energy transfer is effective: T is about 0.1 ms for the sample EY1 and 5.6 ms,
for the sample EYA3. It confirms the role of Al in the minimization of the RE clus-
tering.

Aluminum codoping of Er**-activated silicate matrix ensure complete cluster
dissolution of Er** up to 10" cm™ ion concentration when the Al/Er ratio is around 10
and higher.

Arai and co-workers introduced the “solvation shell” model based on the RE
ions introduced in Alumina. Using the electron-spin-echo envelope modulation
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method to detect the interaction of the magnetic moments of the AI** nuclei and the
4f shell of Nd in Nd/Al-doped silica glass showed that the AI*" is correlated to Nd*",
at a distance of about 3A. In Al doped silica clustering of AI** was not detected.
Moreover, EXAFS study of Nd/Al-doped glass found no prominent change in the lo-
cal AI’" environment between Nd/Al and pure Al doping. In particular, the local en-
vironment of the AI** does not changed significantly during the complex formation
with RE ions. Only a fraction of the AI*" is close to the RE ions. In such a way, the
solvation shells of Arai et al. are clusters of Aluminum.

Sen reported that for charge balancing each RE ion is correlated to three Al**
ions. This fact confuse keeping an atomic AIl/RE ratio of about 10 and no less to
guarantee good dissolution of RE in silica glass. The low solubility of RE ions in sil-
ica matrix is explained by mismatch in size and valence between the RE ions and the
constituents of the silica network. For instance, Er** ions in Er,Os; and Er:SixO7
bonded to six O atoms. Assuming purely ionic bonding, an Er** ion donate half an
electron to each of neighboring Oxygen anions. Moreover, a tetrahedrally coordinat-
ed Si ion donates one electron to each O* neighbor. The ErOs unit fits poorly into a
silica network and energy gained by forming clusters. When Al>O3 oxide is added in-
to a silica glass the difference in valence electron number is compensated. If three
substitutional AI** ions are placed close to each other, the compensating charge may
be provided by and Er** ion accommodated into the silica network. It is important to
mark that an Al>O3 content exceeding 4 mol. % leads to glass matrix devitrification.

Hafnium oxide can be used as an alternative to AI** ions as a high refractive
index material with a transparency over a wide wavelength (0.3-10 um). Hafnia and
silica glass have been used to form high index-contrast multilayer structures with
high laser damage threshold.

The Alumina codoping was efficient enough to reduce Er** ions clustering in
the following glass composition 1.0Er2O3 + 1.8A1,03 + 97.2S10,. The microscopic
clustering of Er** ions is caused by its large field strength what limits liquid immisci-

bility in the Er03 - SiO». Generally, when a RE ion is incorporated into the silica ma-
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trix, it has to be co-ordinated to a high number of non-bridging oxygens to screen the
electric charge of the cation. The addition of ErO3 into the silicate glass generates a
limited number of non-bridging oxygens to achieve electrical neutrality. Consequent-
ly, the Erbium ions form a cluster to share the limited number of non-bridging ox-
ygens. Addition of AI’" into the silica matrix doped with Er’*" allows sharing non-
bridging oxygen with Erbium ion to reduce clustering and work as a mutual solvent
for Erbium and silica.

Clustering of the RE in host glasses can be studied by spectroscopic or struc-
tural analysis. The RE clustering from structural point of view is the number of other
RE ions linked to a given RE ion via oxygen. In the structural studies, the clustering
is the coordination number of RE-RE partial correlation function.

In the work of Lochhead and Bray was shown the effect of AI** on Eu®* ions
dispersion in silica sol-gel matrix. Strong ionic field strength of AI** allows interact-
ing with the silica matrix and penetrating the RE clusters for a more uniform distribu-
tion. Aluminum ions works as a network former whereas more preferable to use the
other ions which acts as network modifiers. For instance, the Ga**, Sc**,Lu’*" cations
with the strongest charge density acts as network modifiers are very effective in pre-
venting clustering.

The samples without inorganic codopants present strong Eu®" clustering. In
SiO: - Al>Os the luminescence intensity of Eu®" was detected in two times higher than
in the glasses without Al;O3. Aluminum co-doping of Tb**-containing sol-gel glasses
show the dispersive action of Aluminum if the Al/Tb ratio is larger than 10. Sol -gel
glasses codoped with Aluminum show a strong tendency to retain OH groups in the
densified matrix after heat treatment. Thus, the use of Aluminum as a codopant is less
beneficial for near-infrared application than for the visible spectral region.

The conventional sol-gel preparation was modified by mixing NH4OH solution
with Er -salt solution. They consider that the partially hydrolyzed MPTS transformed
to fully hydrolyzed reacting with NH4OH solution. After the mixing Er - containing
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solution with NH4OH they obtained milky white precipitate which after 10 h stirring
becomes a clear solution.
The clear homogeneous solution was obtained by the following reactions:
3NH; +30H+Er**+3NO3; — Er(NO);+3NH4NOs3 (1.9.2)
-Er(OH)3 +3[HO - (Al - O - Si - R)s] =Er[O - (Al - O - Si - R)a]3 (1.9.3)

They observed that the lifetime of the samples prepared by modified synthesis
route 1s longer than that of those prepared without Ammonium solution.

Alumina doped glasses show a strong tendency to retain hydroxyl groups in the
densified matrix after heat treatment. Therefore, Aluminum codoping is less benefi-
cial for near-infrared luminescing lanthanide ions than for lanthanide ions emitting in
the visible spectral region. A less known codoping agent that improves the lumines-

cent properties of lanthanide ions in sol-gel glasses is P2Os [Binnemans 2009].

1.10 RE luminescence quenching by OH™ groups

Planar optical waveguide amplifiers can integrate a plenty of active and passive
optical elements reduced in the size and cost-efficient. The primary efforts of optical
devices miniaturization has started with development of new Er** -doped amplifiers.
The cross section of the stimulated emission of RE ions is proportional to the RE
ions concentration in the host matrix. Length reduction in planar optical waveguide
amplifiers requires much higher Er**concentrations than in the EDFAS to achieve suf-
ficient absorption and high optical gain.

The use of lanthanide compounds is limited by their insolubility in apolar ma-
trixes, which is connected with liquid-liquid immiscibility regions in the silica rich
part of phase diagram. Molecular lanthanide complexes are soluble but they contain
ligands with high energy vibrational modes, such as C-H or O-H functional groups.
These groups can also invariably quench the RE luminescence.

Stretching vibration of O-H influence the fluorescence decay at 1.5 um, two O-
H bridge the gap at 6500 cm’! between the ground state, “Iis» and the first excited
state, “Ii32, of the Er** ion [Stone 1996, Duverger 2001, Ebendorff-Heidepriem 1998,
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Marques 2003]. The presence of OH species in the matrix leads to reduction of quan-
tum efficiency at the first excited state of Er*" ions, and a limited process reproduci-
bility.

The work of Marques et al. shows the fluorescence quenching of Er**-activated

planar waveguides induced by OH species.

Table 1.10.1. PL quenching 80Si0O; - 20Ti0; - 0.5ErO; s waveguides as a func-
tion of different times of exposure to various atmospheres, following different heat

treatment regimes [Marques 2003].

Heat treatment parame- Time of exposure % PL
ters .
quenching
6 min at 670 °C inair | 6 days in lab atmosphere (air, RH ~ 5 %, T~ 72
21 °C)
6 days in a desiccator charged with silica-gel 28
6 days in a sealed container in liquid N 5
2 min at 700 °C in air 5 days in a glove box (145 ppmyol) 17
7 min at 700 °C in air 3 h in an ultrasonic water bath 97
10 min 900 °C in air 7 days in lab atmosphere (air) 76
10 min 900 °C in vacuum 7 days in lab atmosphere (air) 34

They investigated PL spectra of the *I132 — *I1s2 transition and decay curves in
80S10; - 20TiO: - 0.5ErO; 5 planar waveguides as a function of different times of ex-
posure to various atmospheres. PL quenching obtained from the formula

%decrease= (13'5"’” —1}5‘””)/ 1", where 7)*mand I, indicate the intensities at about
1.5 um before and after the exposure. In the Table 1.10.1 indicated the 1/e fluores-
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cence lifetimes, calculated as the 1/e decay time of the fluorescence intensity with the

slow decay component lifetime (SDC).

Table 1.10.2. Er** fluorescence lifetimes of 80Si0>-20Ti02-0.5ErO;5 wave-
guide, prepared in different heat treatments in air and times of exposure to laboratory

atmosphere [Marques 2003].

Heat treatment of 80Si0:-20Ti02-0.5ErQ.s waveguide T1/e TSDC
(£ 0.5 ms) | (£ 0.5 ms)

40 days after a heat treatment of 25 min at 750 °C 1.6 7.6

63 days after a heat treatment of 25 min at 750 °C <1 4.3

Additional heat treatment: 30 min at 200 °C <1 4.6

Additional heat treatment: 30 min at 400 °C 3.5 6.6

Additional heat treatment: 15 min at 900 °C 6.6 7.2

These tables illustrate how spectroscopic properties of sol-gel samples can be
modified by the fabrication protocol. Summarizing results from the Table 1.10.1 and
Table 1.10.2 the increase of OH species in noncompletely densified system is asso-
ciated with PL quenching process. The PL quenching is also attributed with the oc-
currence of a fast decay component (FDC) in the decay curves, while in fully densi-
fied system (HT at 900 °C for 15 min), the FDC is not present. Marques and al. ex-
plained the Er** luminescence quenching by nonradiative de-excitation involving OH
groups from atmospheric humidity, which interact with the Er** ions present near the
inner surface of pores in the sol-gel waveguides.

Moreover, high concentrations of Er** ions initiate deleterious nonradiative
energy exchanges between neighboring atoms [Ryu 1995, Orignac 1999]. Several of

papers show that the OH - induced nonradiative relaxation is more effective at larger
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Er’" concentrations [Hehlen 1997, Ishizaka 2002, Duverger 2001, Ebendorff-
Heidepriem 1998, Houde-Walter 2001].

In bulk materials this effect is more prominent compared to thin films which
allow a better densification with a lower amount of OH groups. Stable glass can be
obtained under sufficient heat temperatures allowing elimination of any porosity and
it has been suggested to use Aluminum oxide as efficient co-doping agent for reduc-
tion of OH concentration quenching [Iwasaki 1990, Fardad 1995, Orignac 1997, Pel-
legri 1998, Syms 1998, Seco 2000, Kinowski 2001, Harreld 2002, Yeatman 1999].

Starting from 1980s the study of ion-ion interactions resulting in concentration
quenching in glasses have been the topic of several theoretical and experimental stu-
dies [Stokowski 1981, Miniscalco 1991, Blixt 1991, Federighi 1993, Nykolak 1993,
Nykolak 1993, Snoeks 1996, Myslinski 1997, Philipsen 1997, Philipsen 1999, Maciel
2000, Ishizaka 2001, Feng 2001, Gongalves 2002, Brecher 1976, Brecher 1980, Sil-
versmith 2008, Hattori 1996].

As formerly it was discussed, the RE ions concentration is a critical parameter
for planar waveguides in photonic applications. When RE concentration increase the
average distance between Er’* ions decrease, and significance of electric dipole-
dipole interactions between Er’** become more important. This results in process of
energy migration and upconversion, which decline the fraction of excited Er*" ions at
the related pump power is shown in the Equation 6. Decrease of the luminescence
lifetime of the metastable *I;3, state as a function of increasing Er** concentration oc-

curs, which described in the formula (Eq.6) [Stokowski 1981, Miniscalco 1991]:

T =————— (6)

wherer,, is the observed luminescence lifetime, z, is the luminescence lifetime in
the limit of zero RE concentration, p,, is the Er*" ion concentration, Q is the quen-

ching concentration and p a phenomenological parameter characterizing the steepness
of quenching curve. Phenomenological parameter p can be determined by the mecha-
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nism of the energy transfer between the RE ions [Feng 2001]. At low RE doping le-
vel the electric dipole-dipole transition is the dominant energy transfer mechanism
between Er*"ions, p is close to 2. With increase of doping concentration the distance
between Er** becomes shorter, and the effect of electric dipole-and quadrupole-
quadrupole transitions is important and p is larger than 2.

Only Q i1s estimated from the fitting curve, at which concentration the lifetime

becomes half of, because r,,, is equal to half of 7z,, when p, 1is equal to Q. In the
Equation 2, 7, is the value of the PL lifetime of the RE ion in the material, in the lim-
it of zero ion concentration. What means if the material has no multiphonon relaxa-
tion and if there no OH species, then then z, should approximately less than radiative
lifetime .. The observed lifetime data performed on samples different from those

obtained by sol gel route it is evident that for various measured lifetimes, different fit-
ting parameters were obtained, in particular different concentration quenching pa-
rameter. Three different sets of measured lifetimes shown in the Figure 1.10.4 (a),

considering a system characterized by a radiative lifetime of 3 and 7,= z,. The con-

centration quenching parameter Q is obtained using a parameter p = 2 for all the data,
but different concentration quenching probabilities Weq. Figure 1.10.4 (b) includes
effect from OH groups. Considering the values of O =1, p =2 and ¢, = 3, with a dif-

ferent contribution of W, (nonradiative process due to OH) groups: W,- =0, 0.1W,,
0.5W,, where the radiative transition probability W, is given by z'r_l.

The total observed transition probability (Woss) includes Wops=W,+Weyit Wy Af-
ter fitting with Eq. 2, the following parameters are obtained: 0 = 1, z,= 3; O = 1.05,

7,=2.73; 0=1.23, 7,= 2, for W,-=0, 0.1W,, and 0.5W,, respectively. The maximum
observed variation of O was 23 %, when the estimated maximum variation of 7, was

about 33 %.The W, giving a rise of O value at the low concentrations, because the

lifetimes z, and r,, are strongly dependent on W,. Whereas W., is dominant for

high concentrations.
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Figure 1.10.4 (a). Concentration
quenching curves obtained for three
different quenching probabilities, in
the absence of processes other than

Er-Er interactions.
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Figure 1.104 (b.) Concentration
quenching curves obtained in the pre-
sence of different non-radiative contri-

butions.

The use of Eq. 6 can be expressed in the Figure 1.10.5 of the measured lifetime

of the metastable “I;3,, state of the Er** ions, for 70SiOz - 30HfO, planar waveguides
doped with 0.01, 0.03, 0.1, 0.3, 0.5, 1, 2, and 4 mol. % Er/(Si+Hf), respectively. The

measured luminescence lifetime decreases with ion concentration increasing. The

708102 - 30HfO, system exhibits a higher quenching concentration than silicate

glasses fabricated by melt-quenching technique.

40



Luminescence lifetime [ms]
H
T

PR | L L PR R
0.01 0.1 1

Er’" concentration [mol %]

Figure 1.10.5. Luminescence lifetime of the *I13» metastable state for 70SiO, -
30HfO> planar waveguides doped with 0.01, 0.03, 0.1, 0.3, 0.5, 1, 2, and 4 mol. %.
of the Er** ions as a function of Er** concentration.

However, the quenching concentration of 0.8 mol. % Er** is higher than the
value of 0.62 mol. % (p=1.27), reported for the 80SiO; - 20TiO> - AlO3. system
doped by Er/Yb [Orignac1999]. This can be explained that the introduction of hafnia
in the silicate-oxygen network creates a non-bridging oxygens, enough for higher
Er** ions concentrations accommodated into the silicate network [Gongalves 2002].
In the waveguide with the lowest Er**- doping level (0.01 mol. %), the lifetime is 6.7
ms. At this low concentration, no interaction between two or more Er*" ions occurs,

so that, in the absence of OH, 7, =7,. Auzel and Goldner studied the self-quenching

of Er’" ions in phosphate glass, the fluorophosphates and the tellurotungstate glasses
with increase of Er*" doping concentration by fixing the reduction of the emission
lifetime of *“I;3». The Er** ions were introduced through Er,Os or by the large mini-
mum distance precursor ErPsO14 or NaEr(WO4)s. The obtained results show the im-
provement for large minimum distance precursors for fluorophosphates and telluro-
tungstate glasses. For phosphate glass no significant improvement was found. Com-
paring phosphate and fluorophosphate glass near-IR absorption spectra the fluoro-
phosphate glasses contain less OH groups than phosphates one. The self-quenching

mechanism in phosphate glasses is due to the energy diffusion by OH groups through
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long distance Er-Er energy transfer more than through RE-RE clustering formation.
Fluorophosphate glasses are well-known for their long lifetime of Er** ions because
during the glass preparation some of the hydroxyl groups undergo destruction
through the following process [Auzel 2001]:

2(OH") +2F= O, +HF (1.10.6)

1.11 Structural studies of the RE clustering

The standard technique for studying of RE ions clustering in sol-gel glasses is
fluorescence line narrowing (FLN). This technique allows studying the local envi-
ronment of lanthanide ions in glass matrix by observing of spectral fine structure
even if emission bands in the luminescence spectra of glasses are broad. Inhomoge-
neous broadening can be eliminated because only a small amount of excited lantha-
nide ions are responsible for the broadening.

The difference in the crystal-field splitting pattern results in inhomogeneous
spectral broadening of the emission bands that is explained that each RE ion in a
glass is characterized by a slightly different local environment, resulting in slightly
different crystal fields.

Using fluorescence line narrowing studies, only a small part of the lanthanides
ions with a similar local environment are excited by a narrow laser line. Using this
selective excitation of a part of the RE ions results in the elimination of inhomogene-
ous broadening. The luminescence spectra obtained by the FLN technique has a high
resolution, and the fine structure in the luminescence spectra depends on the excita-
tion energy. Eu**, Nd**, Yb*" are typical RE ions for FLN studies in glasses. For the
selective excitation of a small portion of the lanthanide ions, the ions should be spa-
tially separated. Selective excitation is not possible if the clustering is present. The
small distance between the RE ions should be avoided because of the energy transfer
processes between the neighboring ions [Binnemans 2009, Brecher 1976, Brecher

1980, Silversmith 2008].
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1.12 The effect of P on the RE clustering in the glass matrix

Phosphorous pentoxide also can be used as codoping agent that improves the
luminescent properties of RE ions in sol - gel glasses. Phosphate glass compared with
silica have high Er** ions solubility (>1.2x10%' ions/cm?®), low pumping power and a
low cooperative upconversion coefficient of the *I112. Moreover, phosphates are most
widely used for bulk laser glasses due to their low melting temperatures, good ultra-
violet transmission and low dispersion. Phosphorous codoping is interesting because
allows to induce larger emission cross sections and nonradiative energy transfers in
Yb - Er codoped power amplifiers. Even at low P2Os content (< Imol. %) the spec-
troscopic properties of Nd** ions were also improved. It was proposed that Phospho-
rous co-dopants preferentially coordinate to Nd*" ions to form a solvation shell struc-
ture. Such ideas were reported two times for Erbium-activated optical fiber preforms
fabricated by the Modified Chemical Vapor Deposition (MCVD) process [Binnemans
2009].

Some of the reports proposed to avoid any RE clustering by insertion of Er**
ions in a local ordered phase as ErPOs. But the Er’* emission spectra in that case
show broad emission bands what is typical for an amorphous matrix. Several results
show that P>Os codoping increases the gain of an Er** P2Os - SiO, planar waveguides.
The refractive index was found to be proportional to the P.Os concentration. The scat-
tering loss of the waveguide with the low P>Os cconcentration at 1.3 um wavelength
was higher than for the waveguide with the high concentration. That might be caused
by the roughness of the etched sidewalls of the core. The increase of Phosphorous
codoping at 1.49 um can increase the absorption coefficient and fluorescence intensi-
ty. These investigations shows that Phosphorous codoping of Er**-activated P»Os core
glass affects the Er** ions environment or the crystal field splitting, as well as intensi-
ties of the Stark transitions of Er’" ions. The Er’" ions environment is much influ-
enced by surrounded P°" ions.

The SEM analysis shows that the glass with the high P.Os concentration is

more homogeneous than that with the low P2Os content. The introduction of P.Os can
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increase RE ions solubility and their homogeneous distribution in silica-based glass-
es. From TEM study was observed the presence of spherical-shape clusters in the
low-content P,Os Er*" -doped silica glass. The diameter of these clusters were in
average about 30-50 nm. In high-content P>Os Er**-doped silica glass the microclus-
ters were not detected. It was found that the concentration of Er** and P°>* in clusters
were higher than in the glass matrix and they composed of Er** and P,Os rich phases
in amorphous state. The reconstructed microscopic model presents the glass separated
into two phases-cluster phase (rich of Er’* ions) and a matrix phase (glass). All the
Er** ions assumed to be incorporated in the clusters and to be optically active. The
main difference for low and highly doped P:Os silica glass is a difference in the size
and density of Er** ion rich phase. In highly P,Os doped silica glass with more homo-
geneous Er** ion distribution the average distance between Er’* ions is considered to
be larger than for low-concentrated P.Os-SiO> glass. In the case of homogeneous
glass the average distance between the Er** is at an acceptable maximum and the rate
of the upconversion energy transfer is shrinked. Assuming this hypothesis the homo-
geneous upconversion in the Er** rich phase dominate the amplification process [Hat-
tor1 1996].

Jiin-Jyh Shyu et al. noticed that for Er.O3 content < 2 mol. % the samples are
amorphous. When the Er;O3 content is > 4 mol. %, Er.O3 reacts almost completely
with P20Os with formation of ErPOs crystalline particle. ErPO4 particles are crystal-
lized during the glass quenching process and are homogeneously distributed in the
Sn0»-P20s glass. Formation of ErPO4 increases the absorption cross-section of the
Er** ions. The Er-Er distance in the crystallized glass is shorter than in in which Er**
ions are homogeneously distributed, the photoluminescence intensity increases with
increasing of the crystallized ErPO4 phase. The typical reduction of the PL in heavily
doped materials does not happen due to the constant Er-Er distance in ErPO4 allow
not occurring the reduction of the PL [Binnemans 2009].

P-codoping improve also the spectroscopic properties of Nd** ions in optical

fiber preforms even at low P>Os content (< 1 mol. %). Phosphorous codoping prefe-
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rentially coordinate to Nd** ions forming in such a way a solvation shell structure. In
some reports about Er’*" incorporation in the ordered phase such as ErPOs that can
avoid any RE ions clustering [Binnemans 2009].

Brandel et al. prepared phosphate gels as a host for RE ions. The phosphate
gels were doped with Thorium. Drying of a concentrated Thorium phosphate gels at
room temperature led to the formation a transparent xerogel with a good optical
quality. The luminescence properties of Eu*" in Thorium-based gels and xerogels
were studied. Codoping of Thorium xerogels with Coumarin-460 and Tb** ion resul-
ting in an enhancement of the Tb** luminescence. Coumarin 460 was used to sensi-
tize Eu®* luminescence in a Thorium phosphate xerogels [Brandel 2001, Genet

1990A].
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Chapter 2

2. Sol-gel synthesis

Among the different wet chemical synthesis techniques, the most suitable
method for bulk metal oxides and nanoparticles fabrication is a sol-gel approach. The
number of oxide nanopratilces obtained by sol-gel route is smaller compared to the
wide range of materials prepared via powder techniques.

Moreover, sol-gel method is a convenient way to coat large-scale and complex
geometries substrates using quite simple deposition techniques to obtain homoge-
neous coatings. Sol-gel technique can be easily applied for multilayered films fabri-
cation. Different types of sol-gel layers for various applications can be produced,
such as adhesive coatings, conductive coatings, biocompatible coating. The sol-gel
techniques are low-temperature approach for synthesis of different class of materials
inorganic, organic or hybrid materials. Two chemical reactions are on the base of sol-
gel approach - hydrolysis and condensation of molecular inorganic (metallo-organic)
precursors in alcoholic solutions. Besides simplicity of sol-gel synthesis, it allows
many benefits for films fabrication, such as precise stoichiometry control of precursor
solutions, tailored microstructure, ease composition control, possibility to incorporate
various functional groups and elements, low annealing temperatures, ease incorpora-
tion of different functional groups and elements, simple equipment. This makes sol-
gel method such popular in nanomaterials preparation by spinning, dip-coating or
impregnation techniques [Brinker 1990, Hench 1990, Livage 1988].

However sol-gel approach has some limitations for application in industry be-
cause of weak bonding, low wear-resistance, and difficulties with porosity control.
The thickness of sol-gel coating is also terminated to achieve coatings without cracks.
The presence of organic compounds in thick layers often leads to failure during ther-
mal treatment process. Sol-gel approach is strongly dependent on the substrate, and

the thermal expansion coefficient must be accurately considered.
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Different structures can be obtained, using different type of the catalyst in sol-

gel synthesis.

Acid catalyzed

Sol Gel
Base catalyzed

Dl YRR #
20 :ﬁ ¥ ¢ 5

Sol Gel Xerogel

Figure 2.1. Sol-gel synthesis in acidic and basic conditions.

In acidic sol-gel synthesis conditions, the silica forms linear cross linked mole-
cules, Figure 2.1. Gelation occurs when these molecular chains form branches and
enlace.

Sol-gel synthesis in basic conditions is described by more highly branched
clusters, and when the clusters are linked gelation take place (Fig.2.1). In course of
time colloidal particles link and 3-dimensional network is formed. After the sol-gel
transition, the solvent phase is removed from the interconnected pore.

One of the sol-gel modifications of sol-gel chemistry can be marked as aqueous
and non-aqueous synthesis. Aqueous sol-gel chemistry is complex process because of
the high reactivity of the metal oxide precursors towards water, and due to the im-
portant control of hydrolysis and condensation rate of the precursors, temperature,
oxidation rate, pH, the nature and concentration of anions, mixing method and etc. It

is important to note that the products of the reactions in aqueous sol-gel chemistry are
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mostly amorphous. As a mandatory step after sol-gel synthesis is annealing [Livage
1988].

As an alternative to aqueous sol-gel processes is nonaqueous sol-gel synthesis
in organic solvents without presence of water. The role of organic components is
multifunctional, because they are not only solvents but also organic ligands of the
precursor molecule. Organic species participate in Oxygen formation and affects on
the shape and size of the particle, as well as the surface properties. During non-
aqueous synthesis all these parameters give a possibility to obtain the metal oxide na-
noparticles with uniform morphologies and the crystallites sizes of a few nanometers
easily soluble in organic solvents. In conjunction with inorganic particle formation,
the initial organic components during the reactions following elementary mechanisms
of organic chemistry [Jun 2006, Niederberger 2007A, Niederberger 2007B, Park
2007, Pinna 2008].

2.1 Aqueous sol-gel chemistry
The aqueous sol-gel process is the conversation of precursors into an organic
solid via inorganic polymerization reactions induced by water. The precursor is an
inorganic (Carbon free) metal salt (sulfates, nitrates and etc.) or metal organic com-
pounds such as an alkoxides. Occurrence of hydrolysis reactions which convert the

ions to new ionic species or to precipitates [Livage 1988, Hubert-Pfalzgraf 1998].
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Figure 2.1.1. Sol-gel synthesis.
The hydrolysis of salts can involve the cation, the anion or even both. The most

widely used starting compounds are the metal alkoxides that can react easily with wa-
ter and exist in many metals modifications.

Commonly used in industry low cost alkoxides are Si, Ti, Al, Zr-based, whe-
reas other ones are hardly available and have a high cost, such as Mn, Fe, Co, Ni, Cu,
Y, Nb, Ta. The sol-gel process includes the steps showed on Fig. 2.1.1. Dissolution of
metal organic precursors in an organic solvent that is miscible with water and homo-
geneous solution preparation, or dissolution of inorganic salts in water [Bradley 2001,
Turova 2002].

1) Homogeneous solution transformation into a sol by treatment with a suita-

ble reagent (commonly water with or without any acid/base)
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i1)  Sol aging
ii1)  Shaping
1v)  Sintering

During the first step is the formation of an inorganic polymer by hydrolysis and
condensation reactions occurs, the transformation of the molecular precursor into a
highly crosslinked solid takes place at this moment. Sol is forming by hydrolysis and
condensation results in a gel. Drying of gels is possible by removal of the pore liquid
in harsh conditions without collapse of the network and aerogels are formed. In case
of the gel drying under ambient conditions, shrinkage of the pores occurs and xerogel
is obtained. The sol-gel processes allows to configurate the material into any form
such as monoliths, powders, films, fibers, as well as convert it into a ceramic material
under heat treatment [Mehrotra 1997].

The inorganic route of sol-gel when the precursor is an aqueous solution of an
inorganic salt involves the formation of condensed species by adjusting the pH,
changing the oxidation state and increasing the temperature. The disadvantages of
this method are that the process is complex and result in the formation of a large
number of oligomeric species. The counter anions are able to coordinate the metal ion
and can influence the morphology, the structure of the resulting solid phase. The re-
moval of these anions from the final metal oxide is a problem. Use of metal alkoxides
as precursors allows avoiding many of these undesirable effects [Livage 1988, Hench
1990, Jolivet 2000, Brinker 1990]. They are soluble in organic solvents, forming ho-
mogeneous solution. The metal alkoxides transformation involves two main reac-
tions: hydrolysis and condensation Fig. 2.1.1.

When hydrolysis occurs, the alkoxide groups (-OR) are replaced via the nu-
cleophilic attack of the Oxygen atom of a water under release of alcohol forming a
metal hydroxide.

Then the condensation between two hydroxylated metal species result in M-O-
M bonds under release of water (oxolation), and the reaction between an alkoxide and

hydroxide leads to M-O-M bonds under release of an alcohol (alkoxolation).
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=M-OR +H,0—=M-OH-+ROH (2.1.1)
=M-OH+HO-M=—M-0-M=+H-0 (2.1.2)
=M-OR+HO-M=-=M-O-M=+ROH  (2.1.3)

Scheme 2.1.4. Sol-gel process using metal alkoxides. Hydrolysis (Eq. 2.1.1)
and condensation, oxolation (Eq. 2.1.2) and alkoxolation (Eq. 2.1.3).

In principal the chemical reactivity of metal alkoxides during hydrolysis and
condensation depends on the electronegativity of the metal atom, its ability to in-
crease the coordination number, the steric hindrance of the alkoxy group, and on the
molecular structure of the metal alkoxides (monomeric or oligomeric). During the
hydrolysis step the amount of water and the way of water adding influence alkoxides
degree of hydrolysis and which oligomeric intermediate species are formed. Depen-
ding on the synthesis procedure, e.g. pH or the molar ratio r of HO:M in Eq. 2.1.1,
the structures of the inorganic polymers may be modified. Other parameters are the
polarity, the solvent acidity, and the dipole moment.

The control of the hydrolysis and condensation rates is quite complicated in
sol-gel methods. Most of transition metal oxide precursors reacts too fast what leads
to loss of morphological and structural control over the final oxide material. The dif-
ferent metal alkoxides reactivity makes the control of the composition and the homo-
geneity of complex multimetal oxides. The reactivity of the precursors can be modi-
fied by addition of chelating ligands such as carboxylic acids, functional alcohols or
B-diketones. The slow release of water allows control of the water concentration thus
modifying the precursors reactivity [Livage 1988, Hubert-Pfalzgraf 1998].

The high sensitivity of aqueous sol-gel approach towards any slight changes in
the synthesis conditions as well as the simultaneous occurrence of hydrolysis and
condensation reactions makes difficulty to control the sol-gel process of metal oxides

in aqueous medium.
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2.2 Non-aqueous sol-gel chemistry

The first studies on nonaqueous sol-gel processes started in the middle of the
19" century, when the reaction between metal chlorides and alcohols were investiga-
ted. Non-aqueous sol-gel approach is less popular and implicates the transformation
of the precursor in an organic solvent under exclusion of water. The number of pre-
cursors is more various than for aqueous sol-gel chemistry, and includes inorganic
metal salts and alkoxides, metal acetates and acetylacetonates. The use of organome-
tallic compounds is rather based on thermal decomposition than sol-gel. The first
studies on nonaqueous sol-gel processes started in the middle of the 19" century,
when the reaction between metal chlorides and alcohols were investigated. Dearing
and Reid proposed aqueous and nonaqueous routes to silica gels, assuming that they
might show “different absorptive power” [Dearing 1928].

In the middle of the 1980s, and at the beginning of the 1990s, research on non-
hydrolytic preparation routes to metal oxides became mostly popular. Two approa-
ches are known as the main research directions: the first is focused on the preparation
of metal oxide gels; the second is connected with preparation of metal oxide powders.
Some groups developed glycothermal method involving the reaction of metal alko-
xides or acetylacetonates with 1,4-butanediol as a versatile approach to various metal
oxides [Inoue 2004, Kominami 1993]. Corriu and coworkers published their work on
monolithic Si, Al, and Ti gels, as well as on gels containing two metals. Also the syn-
thesis of Zinc oxide gels was showed, using Zinc alkoxides as precursors and acetone
as condensation agent [Corriu 1992A, Corriu 1992B, Corriu 1992C, Goel 1992]. The
gels containg zirconate nanocrystals were formed upon aging. Similar approach was
used for BaO, BaTiO;, TiO2. A huge variety of metal oxide gels were later on synthe-
sized and reported: Silica, Alumina, mixed Al/Si, Titania, and transition metal oxides
from the corresponding metal chlorides and metal alkoxides or ethers as Oxygen do-
nors [Borm 2006].

At this date, the number of metal oxide nanoparticles that are prepared by

nonaqueous processes has grown and ranges from simple binary metal oxides to more
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complex ternary, multi-metal and doped systems [Ivanda 1999, Kominami 1999,
Zappel 1955].

An interesting question arises how the oxidic network is forming if the water is
not present in the non-aqueous system. The Oxygen for nanoparticles is provided by
the solvent (alcohols, ketons or aldehydes, ethers) or by the organic constituent of the
precursor (alkoxides, acetylacetonates). The formation of the metal-oxygen-metal
bonds as basic structural unit can be demonstrated in the following pathways scheme:

1) Elimination of the alkyl halide, Eq.2.2.1

i1)  Elimination of the Ether, Eq.2.2.2

ii1)  Condensation of carboxylate groups (ester and amide eliminations),
Eq.2.2.3

iv)  Carbon-carbon coupling of benzylic alcohols and alkoxide molecules,
Eq.2.2.4

v)  Aldol/ketamine condensation, Eq.2.2.5

Elimination of the alkyl halide during the condensation between metal alko-
xides and metal halides under release of an alkyl halide is presented in Eq.2.2.1. The
reaction between two metal alkoxides results in ether elimination, Eq.2.2.2. Conden-
sation of carboxylate groups leads to the ester and amide elimination processes,

Eq.2.2.3.
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=M-X+R-0-M=—=M-0-M=+R-X (2.2.1)

=M-OR+RO-M=—=M-0-M=+R-O-R (2.2.2)
(0] (0]
I I
=M-O-CR +R-0-M=—=M-0-M=+RO-CR (2.2.3)
OH

-iPrOH |
2=M-O-<+PhCH:0H —» =M-O-M=+PhCH,CH,CHCH; (2.2.4)

L -1IPrOH /=<
2=M-OR+20 X —» =M-O-M=+0 =<

(2.2.5)
Carbon-carbon bond formation between alkoxy groups is also observable, Eq.2.2.4.
Transition metals with high Lewis acidity (Nb,Y, Ce) are able to directly catalyse
Guerbet-like reaction. In case of ketones as solvents, the release of oxygen involves
adol condensation, where two carbonyl compounds react with each other under water
elimination, Eq.2.2.5. The water provides oxygen for the metal oxide formation
[Borm 2006].
2.3 Sol-gel films deposition techniques

Sol-gel layers can be deposited on the substrate using spin or dip coating pro-
cess. Films deposited by these two techniques are divers. Spin-coated film is depo-
sited and dried in a few seconds, when dip-coated films are formed with a speed a
few centimeters per minute. Both techniques are used to produce various coatings and
thin films with wide range thickness, different morphology, and controllable micro-

structure, Table 2.3.1. For both of methods the thickness of the film and its density

are inverse related, and the thin films are denser than thick.
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Table 2.3.1. An overview of the common thin film deposition techniques.

Spin-coating technique Dip-coating technique
Thickness
10 nm -5 um 20 nm-50 pm
Benefits

Uniformity, reproducibility, excellent | Complex and irregular shapes, conti-

thickness control, low-cost nuous regime of the process, simple

Limitations

The substrate has to be flat, high material | Surface defects: pin holes and voids

loss

Applications

Flat panel displays, photo resists, dielec- | Electronic parts and assemblies, insula-

tric layers ting polymer layers

Spin-coating deposition allows achieving uniform coatings, and on the other
hand this technique is not convenient for thick films deposition, especially of large
areas of unsymmetrical substrates, and the substrate have to be flat and smooth. Other
advantages of spin-coating are good reproducibility, excellent thickness homoge-
neity, ease of integration, speed, the possibility of coating one face only, low pollu-
tion and low cost. Moreover the shape of the substrate for spin-coating has to allow
fast rotation. Various types of thickness uniformity and defects can arise in spin-
coated layers. This takes place because the optimal parameters from one system to
the other differ greatly. By all means the surface has to be clean, the quantity of dis-
pensed solution is adapted to the surface dimensions, the speed and rotation time
should be tailored to the solution viscosity and volatility, as well as the proper atmos-

phere control should be managed. The thickness inhomogeneity in the form of radial
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streaks can appear even if the quantity of solution is enough to prepare the layer and
the substrate is clean from any particles. This can be explained by appearance of Ma-
rangoni effect, what can be reduced by reduction of the evaporation rate [Levy 2015,
Wright 2000]. Film thickness could be easily changed by changing spin rate.

The coatings obtained by dip-coating technique characterized by a better ad-
justment of the polymer molecules, leading in a denser and less rough film than in
spin-coated samples. At another point appearance of non-uniformity of the coating
near the edges of the substrate is a frequent problem in dip-coating process. For in-
stance, to fabricate 0.5 um layer onto the disk around 20 ¢m? using solution of 10 vol.
% nonvolatile component, 0.1 ml of solution is dispensed. Only 10 % of the solution
1s coated, while 90 % is splashed up. Fast evaporation of 0.1 ml of solution was ob-
served, what is leading to increase in solvent vapor pressure. The control of the at-
mosphere which is important for sol-gel film structuration is realized by eliminating
solvent vapor pressure forcing airflow inside the drying chamber. The turbulence
above the substrate is leading to local thickness fluctuations.

Various types of thickness uniformity and defects can arise in spin-coated
layers. This takes place because the optimal parameters from one system to the other
differ greatly. By all means the surface has to be clean, the quantity of dispensed so-
lution is adapted to the surface dimensions, the speed and rotation time should be tai-
lored to the solution viscosity and volatility, as well as the proper atmosphere control
should be managed. The thickness inhomogeneity in the form of radial streaks can
appear even if the quantity of solution is enough to prepare the layer and the substrate
is clean from any particles. This can be explained by appearance of Marangoni ef-
fect, what can be reduced by reduction of the evaporation rate [Levy 2015, Wright
2000].

2.4 Film formation by spin-coating technique
Spin-coating technique is based on the liquid deposition onto a moving sub-

strate. The substrate is accelerated to high angular velocities, during which the excess
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liquid is spun off from the substrate, forming thin layer of coating. Thickness of less

than 30 nm to a few microns per layer can be easily obtained [Mitzi 2009].

o T

i i il iii

Figure 2.4.1. Spin-coating technique [arranged by Mitzi 2009].

When the homogeneous layer is formed, the spinning rate may be increased to
thin the film and to drive air convection above the wet film. Under such condition,
Esmilie et al. proposed a simple model of the spin-coating process predicting film
thickness as a function of a number of physical parameters from the following equa-

tion (Eq. 7):

hgo

— (7)
’1+4pw2h(2) t
3n

where h(t) is the film thickness at the time t, ho is the film thickness at t=0 (initial

h(t) =

thickness), p is the density of the liquid, ® is the angular velocity, 1 is the viscosity.
Fundamentally this technique implicates the equilibrium between the centrifu-
gal and viscous forces. The control of the coating thickness can be carried out by con-
trolling the spin speed and time, and the solution viscosity [Mitzi 2009].
In the work of Meyerhofer was discussed the effect of solvent evaporation out
of the top surface of the solution. The Meyerhofer observation is enlightening be-
cause the spin-coating run was split into two steps: first controlled by viscous flow

and the second controlled by evaporation. Using this consideration he was able to
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predict the final film thickness h(t) inversely proportional to the square root of the
spin speed, (Eq. 8):
1

too = C))

When the rotation dependencies for the viscous flow and the evaporation rate
are known, the final film thickness should vary with the spin rate according to the -
1/2 power [Birnie 2004].

The viscosity and density can vary during the solvent evaporation with the
time. The sols with high concentrations of particles and polymers result in irregular
thickness of the coating thickness. Also on the coating surface appears some rough-
ness in the form of periodic ridges. These defects were described in the work of Ko-
zuka and Birnie and attributed to the solvent evaporation. Solvent evaporation ini-
tiates surface tension gradients and occurrence of cappilar convection (Gibbs-
Maragoni effect). If the surface tension gradient occurrence is driven by temperature
gradient it calls Bénard-Marangoni convection. Nevertheless, both of the effects
cause surface defects. These undesirable effects are possible to reduce in the process

of evaporation if select carefully solvents [Mitzi 2009, Zhang 2009].

2.5 Film formation by dip-coating technique

Dip-coating as an another low-cost deposition technique especially wide used
in the semiconductor industry for coating irregular and intricate shapes, where poly-
meric or particulate inorganic precursors are accumulated on the substrate surface
through the gravitational draining and ongoing condensation reactions. Substrate is
immersed into the film-forming solution and the layer is obtained by vertical sub-
strate extraction from the solution storage tank at a constant rate. Deposited films
structure depends mainly on size and structure of the precursors, relative rates of
condensation and evaporation, pressure in the capillary, withdrawal speed of sub-
strate. In case of use polymeric silicate precursors, the porosity and refractive index
of the film can be modified in the following intervals, volume porosity (0-56 %), pore

radius (0-3.1 nm), surface area (1.2-263 m?g!), RI (1.18-1.45) [Brinker 1994].
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The physics of dip-coating film formation includes a balance among gravita-

tional forces, the viscous drag and surface tension in the meniscus.

Substrate

Figure 2.5.1. Dip-coating process.

During the course of dip-coating process the substrate is draw vertically upon

from the cuvette with sol at a speed Ao, Figure 2.5.1. The running substrate pick the

sol up in a fluid mechanical boundary layer that splits in two above the liquid cuvette

surface the outer layer returning to the cuvette.

oY
.

]
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Dipping Wet layer deposition  Solvent evaporation

Figure 2.5.2. Dip-coating process mechanism.
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The fluid film ceases at h=0 drying line (x=0) (Eq.9) whereas the solvent is
evaporating and draining. When the drying line velocity is equal to Ao, the process is
stabilized compared to the liquid cuvette surface.

A fluctuating rate of the evaporation is close to the drying line and results in a
parabolic thickness profile. It has been determined that the film thickness ¢ is inverse-
ly proportional to the square root of the spin speed [Brinker 1991]:

h(x) 0 x2  (9)

where h(x) is the film thickness as a function of x position below the drying line.

A coherent liquid film entrains on withdrawal of the substrate from the coating solu-
tion then consolidates by drying and ongoing chemical reactions. The final coating is
obtained after curing/sintering step. During the consolidation step the sol-gel transi-
tion with concurrent draining, evaporation and hydrolysis occur. It is obvious when
during the deposition process in a recending drying line that is moving downwards
with colorful interface lines, leaving behind the consolidated film. On account of
evaporation and cooling furthermore a downward vapor flow forms out over the sur-
face of the wet film, improving the drying. Any turbulence or variation in this stage
of the deposition will result in inhomogeneities in the film.

Looking at the film formation as physical process it based on a fluid mechani-
cal equilibrium between the entrained film and the receding coating fluid. Several
forces under control equilibrium, in particular the viscous drag and the gravity force
the same as the surface tension and inertial force [Aegerter 2004].

In the work of Scriven was indicated that the thickness of the deposited films is
related to the position of the streamline dividing upward and downward moving
layers. At high sol viscosity and substrate speed Ao the deposited film thickness 4.
When the liquid viscosity and substrate speed Uo are high enough to lower the curva-
ture of the meniscus, the deposited film thickness / is that which balances the viscous
drag (proportional to q Uo/h) and gravity force (pgh):

(10)

_ c(qu)?/d
yY/6(pg)t/?
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where ¢ is a constant (0.94 for Newtonian liquids), n is the liquid viscosity, U the
substrate withdrawal rate, p the density of the liquid, y the liquid vapor surface ten-
sion, g is the gravitational acceleration. The rate of withdrawal U is selected depen-
ding on the chemical properties of the film-forming solution. Moreover the film
thickness increases with the withdrawal speed.

This equation assumes steady-state balancing between drainage of the liquid
because of gravitational forces and a viscous drag effect from moving substrate. This
equation does not consider liquid evaporation. Liquid evaporation occurs in such
manner that the thickness profile of the drying liquid come close to parabolic shape.
Thickness and the evaporation speeds are changing faster near the drying line. When
a mixture of different solvents is used with different evaporation rates, and the more
volatile solvent is completely evaporated, a second drying line involving the evapora-
tion of the higher boiling point solvent is noticed at a higher position from the menis-
cus. However different sol compositions leads to changes in surface tension in the
liquid film which is changing by position. Surface tension differences result in liquid
transport within the film. Solvent evaporation bring a change in sol stability. Solvent
composition modification subverts sol stability and cause gel formation or precipi-
tates [Zhang 2010, Scriven 1988].

Surface inhomogeneties can be observed in dip-coated films. The most com-
mon of them are pin holes, voids, thickness variations and wavy appearance. Pin
holes and voids are caused by air entrapment in the film, dust particles and surface
contamination. Dip coating is the most suitable technique to produce homogeneous
sol-gel films. This technique is characterized as the best in control of the processing
conditions. Dip-coating setup allows film fabrication with one-directional thickness
gradients by programming withdrawal rate in the direction of dipping. This character-
ristic is very useful for sampling the thickness influence on a single substrate sample,

or for fabrication of multiwavelength interferometry monochromators [Levy 2015].
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2.6 SiO2-HfO, HfO,-P,0s, Si02-P20s systems
It should be noted that the behavior indicated in the phase diagram is related to
the bulk materials and in case of thin films or coatings their characteristics during
fabrication process could be different.
Moreover, despite many applications of SiO2-HfO»-based system of this in-
creasingly important system as dielectric material in semiconductor devices, the lite-
rature shows very little structural characterization of this system [Kerber 2004, Zhao

2005].
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Figure 2.6.1. SiO,-HfO, phase diagram.

In monolith samples 70Si0:-30HfO, prepared by conventional melting
quenching technique at 1680 °C amount of liquid melt is about 44 %. Complete mel-
ting occurs at 2400 °C. Use of sol-gel technology allows fabricating vitreous films at

the temperature 900 °C.

77



5 T I T I T I T I T
2700 X b0, + Lig. T
\
Y N _]
N Liquid

2300 — \ 21+ Lig. |

1900 1910°
(14.9%)
LO_ B N
1500 — 1:1 |
Hfop *+ 2:1 *
— 2:1 —]
1100 —— 1050° I
11+ Lig.
700 E—— R 650° prdo‘zU:?J —
| = ‘:ﬁ o3 ]
=3 -2 + Lig J
300 1 I 1 1 I I 1
0 20 40 60 80 100
H {02 W% P205

Figure 2.6.2. HfO,-P,Os phase diagram.

The presence of Phosphorous significantly decreases meting temperature of the
system. At the concentration of Phosphorous 70 mol. %, the temperature for annea-

ling process decreases up to 600 °C.
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Figure 2.6.3. SiO>-P,0Os phase diagram.

For the concentration of Phosphorous 10 mol. % (1:9) the melting temperature
is dropping to 1520 °C and complete melting occurs for the monolith samples with-
out Hafnium.

In the monolith at 900 °C (eutectic point) with 27 % of liquid melt. Sol-gel ap-
proach ensures preparation 100 % liquid melt and vitreous coatings at 900 °C.

The high concentration of large Phosphorous ions inside the matrix disrupts sil-
ica-oxygen network. With increasing the Phosphorous concentration (2:6) homogene-
ity of silica-oxygen network with formation of the chemical species and crystalliza-

tion occurs.
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Chapter 3

3. Sol-gel fabrication of Erbium activated SiO;-HfO:-P,Os planar waveguides

Silica glass (Si02 glass) is one of the most important materials in optical and
electrical applications, i.e., as optical fibers and insulators in semiconductor devices
[Righini 2002]. Considering that it has many attractive properties, such as high UV
transparency, high mechanical strength, high glass transition temperature, extremely
low thermal expansion, and low reflective index, it has various potential uses in many
optical devices, such as in waveguides and lasers. However the needs for compact
and efficient photonic devices obtained by rare earth ions activated glasses still drive
the research of novel glass composition and optimized fabrication protocols [Righini
2005, Righini 2014]. Considering the case of silica glass-based Erbium Doped
Waveguide Amplifiers (EDWAs) their short length (around few centimetres) general-
ly imposes a high Er** doping level which may produce clustering effects [Righini
2009]. These phenomena, due to the ion-ion interactions, lead to undesirable lumi-
nescence quenching, thus reducing the performance of the amplifier. At the same
time the difficulty of low solubility of rare-earth in silica is due to the mismatch in
size and valence between the rare-earth ions and the constituents of the silica net-
work. A possible way to increase the amounts of rare-earth ions in the matrix
avoiding or reducing clustering effects is the addition of co-doping agents, such as
P20s or A1203 [Deschamps 2012, Lemaire 1989]; their role resides in non-bridging
oxygens formation that benefits better rare-earth ions incorporation. Moreover from a
technological point of view physical and chemical deposition techniques such Flame
Hydrolysis Deposition (FHD) and Plasma Enhanced Chemical Vapor Deposition
(PECVD) have important drawbacks associated to the incorporation of rare earth ions
in silicate glasses due to the high process temperatures in the first case [Kik 1998],

and the low vapour pressure of most Erbium compounds in the second [Ribeiro
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2000]. Therefore there is a need to investigate complementary approaches for depo-
siting Er-doped silicate glass, which can incorporate the full range of codopants
needed to tailor the Er environment. One possibility is the sol-gel route, which allows
very flexible chemistry and low process temperatures.

In this chapter we have investigated planar waveguides with compositions (70-
x) Si02-30HfO; -xP,0s (x= 5, 10 mol. %), activated by 0.5 mol. % Er*" ions. We
used different Phosphorus precursors focusing the attention of their influence on the

optical and spectroscopic properties.

3.1. Experimental part and discussion

Multilayer wave guiding films activated with rare-earths were produced by sol-
gel approach employing the motor driven dip-coating set-up. For film-forming, solu-
tion (70-x)Si02-30HfO: -xP>0s (x= 5, 10 mol. %), activated by 0.5 mol. % Er** ions
was prepared by mixing tetraethylorthosilicate (TEOS), ethanol, deionised water and
hydrochloric acid as a catalyst, then pre-hydrolysed for 1 hour at 65 °C. A second so-
lution was obtained by dissolving HfOCl>-8H>O as Hafnia precursor in ethanol and
then added to the TEOS solutions. Phosphorous and Erbium Er(NO3)3-5H>O precur-
sors were mixed with final solution. Synthesis occurred under continuous stirring for
16 h at room temperature. The films were deposited on clean silica substrates with
roughness of about 2 nm. Films were formed by dip-coating, with a dipping rate of 40
mm/min. After each dip, layer was subjected to annealing in air for 50 s at 900 °C.
After a 10-dip cycle, the film was heated for 2 min at 900 °C after each tenth layer. In
order to obtain a fully densified structure a further annealing at 900 °C for 5 min was
performed [Righini 2005]. The thickness and the refractive index at 632.8 and 543.5
nm were measured in TE polarization by an m-line apparatus based on the prism
coupling technique [Tien 1970, Shuto 1993]. The losses at 632.8 were evaluated by
photometric detection of the light intensity scattered out of the waveguide plane ex-
citing the transverse electric TEo mode. Photoluminescence spectroscopy was per-

formed using the 514.5 nm line of an Ar" ion laser as excitation source. The lumines-
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cence was dispersed by a 320 mm single-grating monochromator with a resolution of
2 nm. The light was detected using a Photo Multiplier Tube (PMT) and standard
lock-in technique [Gongalves 2004]. Decay curves were obtained recording the sig-
nal by a digital oscilloscope.

The choice of a suitable Phosphorous precursor (PP) is a key point towards the
realization of low losses waveguides operating at 1.5 pm with high Er** ions content.
Several PPs (reported in Table 3.1.1) have been investigated for the synthesis of a di-
electric stable sol useful for the realization of planar waveguides.

The composition and the optical parameters of the Er’**-activated silica-hafnia-

phosphorous oxide planar waveguides (called Wx) are reported in Table 3.1.1.

Table 3.1.1. Phosphorous precursors and optical properties of SiO>—HfO»>—

P,Os planar waveguides activated with 0.5% mol of Er*" ions.

Thickness Refractive index

Label | phosphorous :35 Layers |03 pm +0.0005 ;;zdes
precursors oo | number | @632.8| @5435 | @632.8| @S43|

nm nm nm nm

W1 CesHi503P 5 5 - 0.2 - 1.5762 |1

W2 | (CH3CH20);PO | 10 18 0.8 0.8 1.5868 [1.5940 |2

W3 (CH4CH9O);PO | 5 18 0.9 0.9 1.5716 |1.5871 |2

W4 | H;POq4 5 30 1.4 1.4 1.5585 [1.5676 |3

The systems W1, W2 and W3 present an opaque and whitish appearance at-
tributable to the low solubility in the matrix of the PPs, indicating that these reagents
are not suitable for the realization of optical devices.

The use of H3PO4 as Phosphorous precursor permits to realize a waveguide
(W4) that present a good transparency: over 92 % in a wide range from 400 to 2000
nm, as evidenced in Figure 3.1.2 by means of transmission measurement and allows

to realize thick guiding film that support single mode at 1.5um.
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Figure 3.1.2. Transmission spectrum of the planar waveguide W4 doped by 0.5

mol. % Er3*ions.

Figure 3.1.3 and Figure 3.1.4 report the profile of the refractive index and of
the TEo mode squared electric field of the waveguide W4, respectively. The TEo
mode is computed for 632.8 nm and 1542 nm for the choice of the parameters deter-

mined by the m-line measurement.
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Figure 3.1.3. Refractive index profile Figure 3.1.4. Calculated squared elec-
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from modal measurements at 632.8 nm 632.8 and 1532 nm (a) and (b), respec-
for the TE. The effective indices of the tively, across the layered structure,
TE (¢) modes are reported. cladding of air, waveguide and the SiO»

substrate of the W4 planar waveguide

The refractive index profile of the W4 waveguide can be reconstructed from
the effective refractive indices at 632.8 nm by an inverse Wentzel-Kramers—Brillouin
method [Chiang 1985], in particular from Figure 3.1.3 we can observe that the W4
exhibits a single step profile with a uniform refractive index throughout the whole
thickness.

The modelling of the square electric field, reported in Figure 3.1.4, indicates
that the optical parameters of the waveguide, i.e. refractive index and thickness, ap-
pear appropriate for application in the third telecommunication window (A=1.5 pum).
In fact, the ratio of the integrated intensity, i.e. the square of the electric field in the
waveguide to the total intensity, which includes also the squared evanescent field, is
0.98 and 0.87 at 632.8 nm and 1542 nm, respectively.

Photoluminescence measurements were performed in order to investigate the

effect of PoOs, comparing the spectroscopic features of the W4 with those of a wave-
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guide with the following molar composition 70S10,-30H{O, activated with 0.5 mol.
% (WU), doped with the same Er** ions concentration.

In Figure 3.1.5 is reported the photoluminescence (PL) spectra of transition
Mi32 — “lisp of Er’* ions acquired from the sample WU and W4. Analyzing Figure
3.1.5 is possible to observe that luminescence shape is similar for both the samples
with a main emission peak at 1533 nm and a spectral bandwidth of 48 nm, measured
at 3 dB from the maximum of the intensity. The shape of the emission spectrum is

characteristic of the *I132 — *I1s transition of Er** ions in silicate glasses.
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Figure 3.1.5. Room temperature PL Figure 3.1.6. Decay curve of the lumi-
spectra relative to the “I;3n — “Iisp nescence from the *Ii32 — “lis» meta-
transition of Er** ions for W4 and WU stable state of Er** ions for the W4
waveguides (a) and (b), respectively waveguide. The red solid line repre-
upon excitation at 514 nm. sents single exponential fits to the de-

cay data.

Figure 3.1.6 reports the luminescence decay curve from the metastable level
Mi32 — “Iisp for the W4 waveguide obtained upon excitation at 514 nm; we can no-
tice that the decay curve exhibits a single exponential behavior, indicating that Er**
ions all occupy sites characterized by similar local environment and the value of the

measured lifetime tws= 5.7 £ 0.1 ms. This value can be compared with that obtained
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on the sample WU (twy= 5.1 = 0.1 ms) and discussed in ref [Chiappini 2011]. The in-
crease of the lifetime measured for the sample W4 with respect to WU can be at-
tributed to the presence of P»Os in the matrix indicating that the phosphorous oxide
can increase the Er*" ions solubility.

In conclusion Er*" activated 65Si0,-30HfO,-5P,0s waveguides (WGs) were
prepared via the sol-gel method and dip coating processing. We have studied the in-
fluence of the Phosphorous precursors on the optical properties of planar waveguides
demonstrating that H;PO4 precursor allows to obtain a guiding transparent film. The
waveguide realized (W4) supports a single and well confined (87 %) mode at 1.5 um,
presents a single step refractive index profile and an attenuation coefficient of about
3.5 dB/cm at 632.8 nm.

Luminescence in the third telecom region, with a spectral width of 48 nm and a
single exponential lifetime of 5.7 ms, was observed upon excitation at 514.5 nm.

Finally the increase of the lifetime of the W4 with respect to that obtained on a
complementary WG not codoped with P>Os indicates that the Phosphorous oxide can

increase the Er** ions solubility reducing the concentration quenching.
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Chapter 4

4. Experimental
4.1 Requirements for substrates
The choice of the substrates depends on the type of measurements the films
will be exposed to. In any circumstance, the substrate material should be chemically
inert to the deposited films, have good compatibility to the deposition process and to
be mechanically stable. The nature and surface quality of the substrates are critical
because they affect the film properties and should be matched with the type of mea-
surements. For instance, conductive atomic force microscopy requires samples with

smooth surfaces for attaining reliable results.

4.2 Quality parameters of optical coatings
The optical coatings applied in laser technology should satisfy specific quality

parameters given in the Table 4.2.1:

Table 4.2.1. Quality parameters of optical films [Trager 2012].

Specification | Parameter Unit Standard Measurement
principle

Laser-induced | cw-LIDT W/ecm ISO 11254-1 | CW-laser irradia-

damage 1 on I-LIDT J/em? ISO 11254-1 |tion.  Irradiation

threshold Son I-LIDT | J/cm? ISO 11254-2 | with single pulses.

(LIDT) Certification J/em? ISO 11254-3 | Repetitive irradia-
tion with pulses.
Irradiation se-
quence

Optical losses | Absorptance Ppm ISO 11551 Laser calorimetry

Total Ppm ISO 13696 Integration of scat-
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scattering tered radiation
Transfer Reflectance % ISO 13697 Precise laser ra-
function Transmittance | % ISO 15368 tiometric method
Spectrophotometry
Surface quality | Form toleran- | A/N ISO 10110 14 parts containing
ces different types of
Scratch/digs imperfections
Roughness
Stability Abrasion ISO 9211 Different test
Environmental ISO 9022 methods
stability 21 parts containing
a variety of condi-
tioning methods

The fundamental properties of the coating system must be adjusted for the op-
tical device and application in the laser systems [Trager 2012, Czichos 2006]. In case
when high laser powers or precision requirements are implicated, supplementary
quality parameters relevant to the stability and optical losses of the coatings have to
be analyzed. The absorbance has an effect to many applications of high-power lasers,
because a fraction of the impinging radiation transforms energy into heat, and the
temperature in the coating increase. This effect may influence the transfer behavior
and result in thermal destruction of the optical component [Trager 2012, ISO/TR
22588 Geneva 2005]. Absorption always entails a loss of laser energy and guided by
defects, contaminants, or stoichiometric inadequacy. Mainly, dielectrics due to stoi-
chiometric inadequacy have got minor excess of the metal component, which is arise
from coating decomposition during thermal evaporation or sputtering. The role of
stoichiometric effects to absorbance behavior in the short-wavelength region whereas
predominant contaminant in optical coatings, such as absorbed water, may lead to in-

crease absorption value in the MIR spectral region, particularly at the wavelength
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10.6 um [Trager 2012, Rahe 1992] of the CO: laser or the band of the Ho:YAG and
Er:YAG lasers in the range 2-3 um [Trager 2012, Gross 1997]. Absorbance in laser
components can be measured by the standard laser calorimetric investigation, as re-
ported by ISO 11551 [Trager 2012, ISO 11551 Geneva 2003].

The second loss channel in optical components is a scattering [Trager 2012,
Bennett 1999, Duparre 1995]. Scattering causes not only a reduction of the imaging
quality of optical systems, but also economic loss of radiation and safety danger. Ap-
pearance origin of scattering losses in optical coatings is mainly associated to micro-
structural imperfections and inclusions in the coating, the roughness of the surface
and the interfaces between the single layers [Triger 2012, Bennett 1999]. The theo-
retical model of scattering depending on the wavelength is described on the basis of a
1/A* function with an exponent of 1-4. Following this relation, high scattering losses
in optical component are expected for the vacuum ultraviolet (VUV)/UV spectral
range. Shifting towards longer wavelength, optical scattering decreases and can be
even neglected in the MIR spectral range, where absorption losses are noticeable.
There are number of different scattering measurement techniques for total scattering
(TS) [Trager 2012, ISO 13696 Geneva 2002, ASTM 1987] and angle-resolved scat-
tering (ARS) [Triager 2012, ASTM 1990]. Total scattering can be measured from the
total amount of radiation scattered into the 4n full space by an optical component
measurement apparatus with an Ulbricht integrating sphere [Trdager 2012, Ulbricht
1990] or a Coblenz collecting sphere [Trager 2012, Coblentz 1913]. The measure-
ment procedure is described in ISO 13696 [Trager 2012, Kadkhoda 2000A, Kad-
khoda 2000B, Hultacker 2003]. The working principle of the Ulbricht sphere is based
on the integration of scattered radiation from a reflecting coating on the inner wall of
sphere and monitoring of part of the integrated radiation. The use of Coblenz sphere
allows a direct collection and concentration of the scattered radiation onto the detec-
tor.

Specifically, the use of high-power laser enforces demands on the power-

handling capability of optical coatings, which is practically means the laser-induced
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damage threshold (LITD). A few material properties can limit the LITD values of
coatings: melting point, the thermal conductivity or the band-gap energy [Trager
2012]. Moreover, extrinsic effects such as defects and inclusions in the layer structure
or even any high-power mechanisms at the layer interfaces have to be taken into con-
sideration [Triger 2012, Walker 1981]. Defect-induced damage mechanisms are no-
ticed in optical coatings, which is described as a result of inclusions heating under la-
ser radiation [Trager 2012, Walker 1981]. The damage is reached when the tempera-
ture in perimeter of inclusion is equal to the melting point of the surrounding coating
material [Triger 2012, Ristau 1984].

In case of absorption-induced damage, the energy is directly coupled into the
layer structure at the interface of interaction area with the laser beam. Then the tem-
perature homogeneously increases until the damage temperature of the structure is at-
tained [Trager 2012, Ristau 1984]. Typically, for short laser pulses (ps and fs), diffu-
sion lengths of thermal effects are very small compared with the thickness of the lay-

ers structure and can be neglected.

4.3 Sputtering film deposition

There are number of physical vapor deposition techniques for producing coat-
ings in a vacuum ambience and these can be distinguished into two groups: (i) ther-
mal evaporation techniques when material is heated in vacuum until its pressure is
higher than the ambient pressure; (i1) ionic sputtering methods when high-energy ions
strike a solid and dispose of atoms from the surface. lonic sputtering techniques in-
clude ion-beam sputtering, diode sputtering and magnetron sputtering [Swann 1988].

The early experiments on sputtering film deposition were realized in 1852 year
in the laboratory of William Robert Grove. They announced about formation of a de-
posit in the anode of a gaseous discharge and its removal with polarity reversion. This
scientific curiosity to the sputtering techniques was observed until the 1940s when

diode sputtering experiments were first performed for commercial coatings process.
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Then in the mid-1970s magnetic enhancement of the diode sputtering process was

applied and this becomes known as magnetron sputtering.

The use of magnetron sputtering is explained by the potential to sputter wide

range of materials for different fields of applications. Such high popularity of these

deposition techniques can be described by the specific advantages of this approach:

Stoichometry control

Good film adhesion because of high kinetic energy of sputtered atoms

Uniform deposition over a large area

Good control of film thickness

Other evaporation techniques require horizontal placement of the crucible con-
taining molten material and vertical placement below the substrate, while sput-
tering works in any orientation

Any conductive or insulating materials to any type of substrate can be applied
for deposition, because sputtering is a cold momentum transfer process
Substrate can be cleaned in sputtering chamber in a vacuum

Using simultaneous deposition from multiple sources allows to develop new
complex composition.

Sputtering process has proved to be useful for large scale production

By varying sputtering parameters, such as sputtering gas pressure biasing the
substrate and target to substrate spacing is possible to achieve desired film pa-
rameters, for example, microstructure, composition, step coverage and etc.
Film sputtering deposition can be performed in the presence of a reactive gas
(i.e. oxides, nitrides)

The main limitations of the process are the low deposition rate, low ionization

efficiencies and high substrate heating [Maurya 2014]. Magnetron sputtering is a

high-rate vacuum coating technique for deposition of metals, alloys and other com-

pounds with thickness up to 5 um. This method has a few significant advantages

over the other vacuum coating techniques and this has led to the development of a
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number of commercial applications such as microelectronics fabrication or even sim-
ple decorative coating [Swann 1988].

In practice, use of magnetron is necessary to increase the efficiency of the sput-
tering process through increase of the number of collisions made by each secondary
electron before it reaches the anode. Magnetic field confines the electrons in orbits
close to the cathode [Kelly 1999]. Also electromagnets may be used instead of per-
manent magnets to generate the magnetic field which bind the electrons to orbit near
the cathode. Use of electromagnets makes it possible to change the plasma position
with respect to the cathode by varying the field strength in sets of magnets [Biltoft
2002].

Magnetron sputtering has many advantages such as sputtering of any com-
pound, metal or alloy; high purity of films and high deposition rates; excellent adhe-
sion of films and excellent coverage of surface; simplicity of automation; capability
to use heat-sensitive substrates; simplicity of automation and superior uniformity of
coating on large-area substrates [Swann 1988].

In magnetron sputtering, combination of magnetic and electric fields confines
the plasma in front of the target (cathode). Magnetic field (about 50-200 mTorr) is
bounteous to influence electrons, but not ions.

Then the electrons are subject to Lorenz force in addition to that due to the
electric field:

F=-e(E+vxB) (11)

Magnetic field can be formed in different configurations; the most often used
being the planar magnetron, because of its physical simplicity and the ability to ex-
tend the cathode to virtually any size required i. e. an evaporation characteristic of
the emission volume. The magnetic field is caused but the bar magnets behind the
target, emitting at suitable angles to the target and bend in such a way as to provide a
component which is parallel to the surface of target. When electrons meet this mag-
netron component of the field, they are subjected to a force dedicating to bring them

back towards the target with a cycloidal motion, leading to very high ionization effi-
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ciency. For this reason, magnetron discharges can be maintained at much lower pres-
sures (<1072 Pa) the glow discharges without magnetic support. This configuration of
the magnets in the planar magnetron leads to a distinct region in which the electrons
become confined. This place of the target is known as “racetrack™ is abraded by vir-
tue of the fact that there is high gas ionization directly above. At the same time the
use of magnetron greatly increases the rate at which may be sputtered, that is also
leads to less efficient use of the target material [Chapter 3, Biltoft 2002].

Also electromagnets may be used instead of permanent magnets to generate the
magnetic field which bind the electrons to orbit near the cathode. Use of electromag-
nets makes it possible to change the plasma position with respect to the cathode by
varying the field strength in sets of magnets [Biltoft 2002].

As it was explained before during the sputtering process atoms or molecules of
a material are ejected from a target by the bombardment of high energy particles. The
segment from which the atoms are rejected is known as the “target”. Basically, the
target is a plate of materials (oxides or nitrides) to be deposited or the material from
which a film is obtained. The target is connected to the negative terminal of a DC or
RF power supply and thus is also known as the cathode. The substrate on to which
the film is grown faces the cathode. It may be heated, cooled, grounded, biased nega-
tively or positively. In general, for thin film deposition, a dense target is heated by
the bombarding ions; the electrode to which the target is bonded must be cooled. The
back of the target is surrounded by ground shields or dark space shields, which are
placed at such a distance that no discharge will be initiated in that place to abolish
sputtering of the backing material [Chapman 1980, Shwartz 2006]. To proceed with
sputtering successfully, a few criteria have to be accomplished. In the first instance,
created ions must have sufficient energy and be directed towards the surface of a tar-
get to eject atoms from the material. Furthermore, ejected atoms must be able to
move freely towards the matter to be coated with little impedance to their movement.
That explains why sputtering process is performed in vacuum conditions: 1) to retain

high ion energies; 2) to avert an enormous number of atom-gas collisions after ejec-
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tion from the target. The use of term of mean free path is reasonable here. Mean free
path (MFP) intends the average distance that atoms can travel without collisions with
other gas atoms.

The sputtering chamber maintains the lowest pressure in order to create a clean
environment. A highly pure Argon gas is usually used in sputtering process, which
play a role of the chamber medium. A discharge is initiated and preserved.

The anode is grounded and a large negative potential applied to the cathode.
Highly conductive plasma is produced between the plates; the applied voltage is
dropped across the cathode, leading to ion bombardment. The gas pressure and ap-
plied voltage ranges required for the parallel plate glow discharge are around 3-300
Pa and 1000-2000 V respectively. Ions which encounter on the cathode surface gen-
erating secondary electrons. Acceleration of these electrons into the plasma, resulting
in further ionizing collisions. The majority of the produced electrons will be not in-
volved in collisions, escaping anode and making the process inefficient [Chapter 3].

The segments which are important for sputtering use the cathode dark space
and the positive glow. The electrons are emitted from the cathode when a conduction
conditions are stable. If the anode is moved closer to the cathode until it reaches the
dark space the plasma extinguishes. Ions stop to be produced and sputtering process
ceases. The size of the dark space increases when a gas pressure is decreased with a
glow discharge, due to the larger MFP for electrons. This leads to the ions production
far away from the target material where they can be lost to chamber walls.

Likewise, primary electrons may reach the anode without generating gas ioni-
zation. Consequently, the overall ionization efficiency becomes low, and below 1Pa
the plasma and sputtering stops. Commonly this happens at pressures where MFPs
are becoming convenient for a coating process. To overcome this problem is possible
with a method of generating more efficient ionization at these lower pressures, this
method is the magnetron design [Swann 1988].

Two sputtering types can be designated: dc (diode and triode) and ac (radiofre-

quency). These types functionates in two regimes: magnetron dc (balanced and un-
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balanced) and magnetron ac (balanced and unbalanced). In the sputtering process the
cathode electrode is the sputtering target and the substrate is placed on the anode in
dc discharge [Vossen 1978]. In the zone near to the cathode appears the applied po-
tential and plasma generates. In case of dc discharge is important that the cathode is
an electrical conductor, because ion bombardment of the surface can be prevented by
surface charge of insulating material. In that way dc sputtering is suggested to use for
plain electrically conductive materials such as metals. DC approach is rather slow and
expensive process compared to vacuum deposition. One of the advantages of dc sput-
tering is that the plasma can be established uniformly over a large area and a solid
large-area vaporization source can be established. On the contrary, in dc sputtering
the electrons ejected from the cathode are accelerated away from the cathode are not
effectively used for discharge support. In order to avoid this effect, a magnetic field is
applied to the dc sputtering system that can deflect the electrons to close to the target
surface with proper magnets arrangement. Through film growth sputtering tech-
niques, the electrons can be made to circulate very near on the target surface. In this
event the high current of electrons initiates high-density plasma, from which ions can
be extracted to sputter the target material, producing a magnetron sputter configura-
tion [Penfold 1995]. A drawback of the magnetron sputtering regime is that the plas-
ma is confined near the cathode and is not accessible to active/reactive gases in the
plasma near the substrate for the reactive sputtering deposition [Windows 1986, Al-
fonso 2012].

Practically, about 1 % of the incident energy goes into the particle ejection,
about 75 % into heating the bombarded surface, and the rest of the incident energy is
dissipated by secondary electrons which heat the substrate. For particle ejection, the
kinetic energy of the incoming ions should exceed the binding energy of the surface
atoms of a solid. And sputtering looks as the results of a collision cascade, am out-
come of independent binary collisions, what does not mean a simple interaction be-

tween an incoming ion and a surface atom [Shwartz 2006, Vossen 1978].
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4.4 The main parameters of sputtering deposition process

The threshold energy is the minimum ion energy required for sputtering. This
energy depends on the heat of sublimation of the target material and does not sensi-
tive to the nature of the bombarding atoms. For the most part of the sputtering pro-
cesses, the source of ions is an inert gas, typically Argon, but in reactive sputtering,
depending on the material to be deposited Oxygen or Nitrogen is added.

The next important sputtering parameter is the yield. The yield is the number of
atoms ejected for each incoming ion. It increases with ion energy, first exponentially
at lower energies and then linearly, after reaching a plateu it decreases at very high
energy. In practice, the yields are very low (~0.1) in the low energy range of expo-
nential increase. Often the sputtering yield increase with increasing mass of the bom-
barding ion, but in some of the research for inert gas ion sputtering of copper show,
that it depends also from the substrate [Almén 1961, Vossen 1978]. Molecular ions
dissociate into energetic atoms upon collision with the surface of the target as though
the individual atoms arrived separately [Steinbruckel 1984].

The composition of the deposited film is usually the same as of a homogeneous
target. When a multicomponent target (for ex. an alloy), that has the atoms of differ-
ent sputtering yields, an altered layer forms at the surface of the target. The compo-
nent with the highest sputtering yield is preferentially removed, leaving the surface
with the lower sputtering yield component. At steady state, the composition of the
sputtered material form the altered layer onto the substrate is the same that of the tar-
get. If the target has the component which is volatile, the ion heating of the target
may result in a difference in stoichiometry between the target and deposit, if the vola-
tile component is added to the sputtering gas it can compensate the difference in stoi-
chiometry.

The effect of operating conditions has also a significant influence on the sput-
tering process. The ion current for sputtering increases when the gas pressure is rai-
sing, but the ions energy decreases, the ultimate outcome is an increase in deposition

rate, because the yield decreases slowly with decreasing energy in the used sputtering
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energy range. At some pressure range, backscattering in the gas will lead to a rate de-
crease. Generally, the flow rate of the gas does not have any effect on the deposition
rate, although the contaminants which are coming from the vacuum chamber, which
are purged in a high flow, affects the rate [Jones 1968]. It is highly recommended to
remove the contaminants, in order to reduce the probability of their incorporation into
the growing film. The uniformity of the film can be increased by increasing the
source-to-substrate distance, but the accumulation rate decrease at the same time. It
should be mentioned that in some cases, not all of the material sputtered from the tar-
get on the substrate remains on the surface. Some of them can be resputtered or
reemitted thermally. In a DC glow discharge the metals can be sputtered, but if the
insulators are exposed to DC plasma a positive charge accumulates on the surface,
which prevents further positive ion bombardment. This problem can be avoided in RF
sputtering, when an RF potential is applied to a cooled metal electrode to which the
insulating target is bonded.

At low frequencies (less than 50 kHz), the ions are considerable mobile that the
electrodes easily alternate between being anode and cathode. The standard frequency
fir RF sputtering is 13.56 MHz. At higher frequencies, two effects appears: 1) The
power may be transferred through the insulating target from the cathode by capacitive
coupling; 2) No need to maintain the secondary electrons in the cathode region, be-
cause the electrons oscillating in the glow region become sufficiently energetic to ini-
tiate ionizing collisions themselves [Chapter 3].

Therefore, the use of frequencies higher than 13.56 MHz is advantageous, be-
cause the ion energy decreases when the ion current increases. This results in higher
deposition rates at lower target voltages. When the target voltage is reduced, the en-
ergy of the secondary electrons is also reduced, as the substrate heating.

Numerous film properties are affected by the deposition temperature, for this
reason, temperature control is necessary. During the sputtering the substrates are
heated by ion bombardment and secondary electrons, they temperatures could be dif-

ferent from the holder [Lamont 1979].
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The sputter deposited films of fine quality can be obtained also at low tempera-
tures. Nevertheless, this approach has the number of weak spots. First, is the high
cost, because the systems can be very large, but the efficiency is quite low. Further-
more, the difficulty with implementation of the load locks in such systems is con-
nected with a flake formation during wafer load or unloads. The flakes could be in-
corporated into the film, which are obviously decreasing the quality of the deposited

films [Shwartz 2006].

4.5 Waveguide fabrication by magnetron RF sputtering technique

Si0,-HfO,-P>0s waveguides activated by Er** ions were prepared by magne-
tron RF-sputtering technique. Silica and Silicon substrates were used for film deposi-
tion. The substrates were cleaned before deposition step at 120 °C for 20 min. Sput-
tering deposition of the films was performed by using 8> HfO; disks of 0.5 cm in di-
ameter , 8’ SiO> of 5x14cm and PG1 specimen (multicomponent glass 69P,0s-
155102-10A1,03-5Na,0-1Er03).
Deposition conditions:
RF sputtering was used to deposit the SiHfP-based layers with the following sputter-
ing conditions:
Power to target: 120 W
Sputtering gas (Ar) pressure: 3.8x1077 mbar), 5.4x10™* mbar in vacuum
Target to substrate distance: 20 cm
Target size : HfO2: 0.5 cm diameter; SiO2: 5x14cm

The residual pressure, before deposition was about 2x10”7 mbar. No heating
during the sputtering was present. The used for sputtering gas was Argon at a pres-
sure of 3.8x107 mbar and the applied power for sputtering was 120 W with a reflect-
ed power of 0 W. In order to reach an apporiate thickness of the film for one propa-
gating mode at 1.5 um the applied deposition time was 3h45min. Thermal annealing

at 400 °C for 6h in air was used to achieve light propagation [Tosello 2001]. Micro-
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fractures, cracking or bad cohesion may be prevented when SOS substrates undergo
the thermal annealing at 400 °C before the film deposition process [Tosello 2001].
Deposition time: 70h at 120 W of RF power on the target

Final thermal treatment: 400 °C, 6h in air

4.6 Optical measurements
The thickness and refractive index of the waveguides were determined at 543.5
and 632.8 nm for TE and TM polarization by an m-line apparatus based on the prism
coupling technique [Ribeiro 2000]. The attenuation coefficient was measured at 633,
1342 and 1532 nm by photometric detection of the light intensity scattered out of the
waveguide plane, by exciting the TEo mode [Almeida 1997].

4.7 M-line measurements

M-line technique is an accurate and precise measurement of refractive index n
and film thickness w [Wu 2005]. M-line spectroscopy has been extensively studied
by Pelletier at al. and Olivier and Peuzin and is nowadays applied in many laborato-
ries [Pelletier 1989, Olivier 1978].

By contrast to other methods, M-line spectroscopy is more advantageous be-
cause it is nondestructive method which requires only angle measurement and gives
an opportunity to determine the anisotropy of the layer. This method has some disad-
vantages, such as (i) the film must be thick enough to support at least two guided
modes, (ii) the layer must be hard enough to be pressed against the base of a prism,
(1i1) the roughness of the film must be low, (iv) the substrate must be transparent at
the required wavelength [Olivier 1978]. Table 4.7.1. [Christensen 1992] show com-

parison of some light wave coupling techniques.
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Table 4.7.1. Comparison of some light wave coupling techniques [Christensen 1992].

Techniques Advantages Disadvantages

Prism coupling High efficicency; mode | Complex, difficult to align
selective

End coupling High efficicency for thick | Difficult to align for thin
waveguides waveguides

Launch coupler Tolerant of allignement Long, thin taper required

for thin waveguides

Grating coupler Tolerant of alignement; | Lower efficiency

mode selective

The most widely-accepted methods are a prism coupling and end coupling
techniques.

The highly efficient is a prism coupling method is one of the best ways to cou-
ple large amounts of light in planar waveguides [Tong 2013]. This technique is mode
selective, but requires placement of prism on top of the waveguide with an accurate
gap adjustment between the prism and the waveguide.

Simple and efficient end coupling technique requires that the input beam from
the source has to be directed into the end of waveguide, requiring alignment accuracy
as small as the waveguide thickness [Wu 2005].

Better efficiency for the thin waveguides is achieved using the tapered launch
coupler, but fabrication of the tapered end is more difficult and makes the coupler end
more fragile. The grating coupler is not efficient as the launch coupler, but this meth-
od is a mode selective.

The advantage and disadvantage of some coupling methods are summarized in Table

4.7.1 [Cristensen 1992].
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4.8 Theoretical background and experimental details of prism-coupling tech-
nique

Prism coupling of the laser light to a planar waveguide is based on the angle of
the light of incidence on the prism base 0 (Fig.4.8.1). A necessary condition to have
a coupling is only when 0=0.,, it means that the phase velocity in direction x,
x(1)=C/npsin® should be equal to the phase velocity v of the m-th mode.

The light velocity is Cm the refractive index of the prism is np, synchronous
angle 0and m1s 0,1,2...

The effective indices Ny may be find from the following equation:

N, = L= n,sinty, (12)

Vm
Using an angle at which the light falls on the entrance face of the prism Im, be-

fore mentioned equation can be rewritten as following:

. . (sinl
N,, = nysin <a + arcsin (SLZ m)) (13)
14
Where the foot angle of the prism is a. Dispersion equations for planar waveguides,
where no and n; are the refractive indices of the two media that are neighboring to the

waveguide layer and A is a vacuum wavelength:

2
o__ 1 1 " 2~Nm
7= om ,—nz T [mm+tan ( ) tan " (-—— NZ 2 )] (TE mode) (14)
w 1 | 2,/" —Ni o [nZ-N2,
PR e m[mnﬂan ( )+ tan - (n% N )] (TM mode) (15)
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Figure 4.8.1. Prism coupling in MLS and MWMLS apparatus.

The last two equations allow determining two unknown parameters from more
than two independent m-line measurements.

The refractive index and the thickness can be evaluated by tailoring the theore-
tical values of N to the experimental values. The step-index model is satisfied when
the measured and calculated values of Ny, agree to within one part in 1000 or better.

Other way to reconstruct refractive index profile vs film thickness is possible
using an inverse Wentzel-KramerBrilloin (WKB) method. This approach is excellent
if the change of refractive index is small. To use the WKB method, at least three

should be present. By the way, higher the number of modes higher the accuracy is.

[Chiang 1985, Wu 2005].
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4.9 Prism coupling working principle

A Metricon™ automatic prism coupler was used for the most of the refractive
index/thickness measurements during the characterization of processing parameters
against optical layer properties [Khomchenko 2001, Tien 1970, Red’ko 1992]. The
principal components of the Metricon™ optics module consist of one or more lasers,
a reference slit, a position adjustment mirror, and a rotary table upon which the cou-
pling prism and primary photodetector are mounted [Khomchenko 2001]. First the la-
ser beam is passing through a small defining aperture, and then is directed onto the
coupling prism by the adjustable mirror. A stepper motor drives the rotary table
modifying the incident angle to reach a necessary phase matching condition Metri-
con™ model 2010 prism coupler. The coupling of light into the waveguide occur un-
der total internal reflection conditions via evanescent waves in the air layer
(Fig.4.8.1, Fig. 4.9.1). Recording and plotting of relative intensity against incident
angle 1s accomplished by software. Software applies pattern recognition procedure to
determine the minimum intensity, which is associated with coupling. The thickness

and refractive index of the film is automatically calculated [PLSWA].

Glass wedge
Substrate

Waveguide

Air gap

Figure 4.9.1. Scheme of prism coupling in the MLS apparatus [Wu 2005].
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Inside the waveguide coupling occurs when resonant conditions are met.
Hereafter, a finite number of discrete indices of the laser beam arise, for which the
light can be coupled into the waveguide. The appearance of a dark line in the reflect-
ed beam signalize about resonant coupling of the laser beam into the waveguide film
and excites a propagation mode, i.e. 0=0m . Polarization of the incident light has in-
fluence on the the appearance of dark lines. Then the light reverses exactly in the di-
rection of the incident beam. In fact this technique also automatically measures the
thickness of the film with an uncertainty of less than 0.5 % [Elliot 2005].

Recording and plotting of relative intensity against incident angle is accom-
plished by software. After scanning procedure, the software applies pattern recogni-
tion process to determine the minimum intensity, which is associated with coupling.
The thickness and refractive index of the waveguiding film are automatically calcu-

lated [PLSWA].

4.10 Propagation losses by diffusion

Appearance of diffusion is usually caused by the imperfections inside the
waveguides or at the interfaces (waveguide/cladding layer or waveguide-substrate).
These imperfections can limit light propagation because they partially diffuse of light
by radiation. These defects appear as porosity, cracks, contaminants, grain boundaries
and etc. Such imperfections can be formed during any waveguide fabrication process.
Formation of sol-gel films requires strict care in order to reduce these film defects.

Cracks and pores are especially inescapable in sol-gel derived films because of
organic components which must be eliminated during heat treatment. Pores in sol-gel
waveguides appears with the removal of organic residues at high temperatures.
Cracks occur due to the difference of thermal expansion coefficient of sol-gel coating
and substrate due to the internal stress within the film. The light diffusion tends to in-
crease with 1/A , meaning that diffusion can be reduced at the longer wavelength. The
size and the optical properties of these inhomogeneities play a significant role on

their participation in the diffusion loss with the working wavelength. The propagation
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losses increase when nanocrystals larger than 10-15 nm are present. In all cases, the
propagation losses always exist in various degrees whatever the elaboration process.
Optimization of elaboration process in order minimize or reduce the propagation
losses is possible through an understanding of the structural and textural imperfec-

tions [Wu 2005].

4.11 Propagation loss measurements

Performance of optical integrated devices can be characterized by their optical
attenuation [Tong 2014].

The losses related to each mode in a multimode waveguide can be determined
using prism couplers where the prism slid along the streak in the waveguide and the
ratio of light coupled in and out of the waveguide is identified as a function of the
propagation length.

Fiber probe is also can be used to measure losses in a waveguide. In this tech-
nique the optical fiber is moving along the streak and the light scattered out of the
waveguide is coupled into the fiber probe.

Both of techniques are characterized by a lack of accuracy and reproducibility,
also sliding prism technique can damage the waveguide [Francis 2001]. In fiber mo-
ving probe technique (Fig. 4.11.1) we assume that the scattering centers in the wave-
guide are uniformly distributed and the intensity of the scattered light in the trans-
verse direction is proportional to the number of scattering centers, and the intensity of
the scattered light along the waveguide is proportional to the guided light intensity at
each point. Keeping constant angular position and its distance from the waveguide is
possible to obtain the plot of transmitted intensity propagation length by means of
moving fiber probe. The fiber probe in combination with a microscope allows better
control of the distance, improving the overall accuracy. The fiber probe may move to
the waveguide until it touches surface and then with tracing it until it loses contact.

The distant end of the fiber is connected to a detector, and output goes to a recorder.
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This measurement should be repeated at several points along the streak, then by ana-

lyzing the resulting trace it is possible to determine attenuation at 0.3 dB/cm.

————

Lock-in amplifier

P Log amplifier
Photodetector
Fiber probe [
=9
%D m.'\k‘
r\/ -
Scanning
Recorder
i i >
0 L

Figure 4.11.1. Fiber probe moving technique.

Waveguide propagation loss can be measured using of Fabry-Perot techniques.
In this case the optical length of the waveguide or the wavelength of the source is
varied over a short range with the monitored output intensity. The optical length of
the waveguide can be changed by heating or cooling the sample, and the wavelength

of the laser source can be varied by variations in the power supply current [Mentzer
20011].
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Chapter 5

5. Si0:-P,0s-HfO2-Al,03-Na>O planar waveguide was fabricated by

RF-sputtering technique
5.1 Sputtering protocol

In Table 5.1.1 is reported the molar concentrations of the components in the

planar waveguide W08 obtained by EDXS.

Table 5.1.1. Molar concentrations of the components in the W08 waveguide

obtained by energy dispersive spectroscopy. The estimated error is 10 %.

SiO;

P20Os

HfO,

ALO3

Na,O

Er:0;

90.7 mol. %

4.4 mol. %

2.3 mol. %

1.7 mol. %

0.7 mol. %

0.2 mol. %

The deposition parameters such as RF power applied to the target, Ar pressure

during the deposition, temperature of the target and sample holder, ect., have to be

monitored because they influence the optical, spectroscopic and structural properties

of the films.

For that reason, the apparatus allow to monitor and control different parameters

during the various deposition process steps. In Figure 5.1.2 is reported the detailed

schema of the apparatus used during this activity.
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Figure 5.1.2. Schema of the RF-sputtering deposition setup.

The system allows to use 2 target in the same time but for our activity only one
target was used: the target was composed by a SiO; plate on which 8 tablets of HfO;
and the phosphate sample PG1 was placed as shown in Figure 5.1.3.
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PR 3

Figure 5.1.3. Photograph of the multicomponent target used to fabricate the ac-

tivated waveguides; HfO: 0.5 cm diameter; SiO2: 5x14 cm.

The sputtering apparatus is made up of two chambers, one where the deposi-
tion take place and one called fast-entry chamber used for the insertion end removing
of the samples. The pumping system is oil free what allows to avoid contamination
during the deposition also for long operation time.

In order to optimize the adhesion of the films on the substrate an accurate
cleaning of the substrate surfaces is required: before the insertion of the sample in the
fast-entry chamber the substrate are cleaned by soap, after cleaned in an ultrasonic
bath in deionized water, polished with ethanol and finally dried in a Nitrogen flux
[Waite 2007].

Moreover, when they are inserted in the fast-entry chamber the substrates are

heated by a IR lamp at 120 °C for 20 minutes in a pressure of 10 mBar, this opera-
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tion allows to remove contamination still stuck on the surfaces. This cleaning proto-
col was previously defined for the fabrication of planar waveguides in order to opti-
mize the attenuation coefficient of the fabricated samples [Chiasera 2009, Chiasera
2013].

After the cleaning inside the fast-entry chamber the substrate are loaded in the
deposition chamber and placed above the used target. The base pressure in the depo-
sition chamber is maintained at around 10”7 mBar while the deposition take place in
Ar atmosphere and the pressure is kept at 5.4*10~ mBar. Before the effective deposi-
tion as the plasma is ignited above the considered target all the shutters are main-
tained close, this operation allow to clean the surface of the target without contami-
nate the substrates and stabilize the temperature of the magnetron that is controlled by
a Chiller that keep a water flux in it with a temperature between 16 to 19 °C. This pre
sputtering operation last 20 °C. The RF power on the magnetron is kept at 100 W
during the pre-sputtering procedure while for the deposition it is increased at 120 W.
The Matching networks are needed to provide maximum power transfer between the
source and the magnetron. If RF circuit is not properly matched, we get reflected
power on the power supplier and this could be damaged. Moreover the matching
network contributes to keep the average potential on the target negative, at a value
called Vbias, and therefore keep the flux of Ar" ions of the plasma towards the target.

When the shutter above the considered target is open the deposition start. The
thickness of the sample is also defined by the time duration of the deposition process
but other parameters concur to define the deposition rate and to monitor the growth of
the films a quartz microbalance is placed above the target, close to the sample holder,
more detail on the calibration and resolution of this thickness monitor can be found
here [Valligatla 2012].

As deposited the film present a under stoichiometry in oxygen and a thermal

treatment is performed in air at 400 °C for 6h [Tosello 2001].
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5.2 RF-sputtering

A sputtering system consists of an evacuated chamber, a target (cathode) and a
substrate table (anode) as shown in Figure 5.2.1. In the sputtering process, gas ions
out of plasma are accelerated towards a target consisting of the material to be depos-
ited. Material is detached (“sputtered”) from the target and afterwards deposited on a
substrate in the vicinity. The process is realized in a closed recipient, which is
pumped down to a vacuum base pressure before deposition starts. To enable the igni-
tion of the plasma, usually argon is fed into the chamber. By natural cosmic radiation
there is always some ionized Ar" -ions available. In the dc-sputtering a negative po-
tential U up to some hundred Volts is applied to the target. As a result, the Ar" -ions
are accelerated towards the target and set material free, on the other hand they pro-
duce secondary electrons. These electrons cause a further ionization of the gas. The
gas pressure p and the electrode distance d determine a break-through voltage Up (at
which the self-sustaining glow discharge starts) [Wasa 1992]:

Up =4 - pd/(In(pd) + B) (16)
with materials constants 4 and B.

The ionization probability rises with an increase in pressure and hence the
number of ions and the conductivity of the gas also increase the break through vol-
tage drops. For a sufficient ionization rate a stable burning plasma results, where
from a sufficient amount of ions is available for sputtering of the material. To in-
crease the ionization rate by emitted secondary electrons even further, a ring magnet
below the target is used in the magnetron sputtering. The electrons in its field are
trapped in cycloids and circulate over the targets surface. By the longer dwell time in
the gas they cause a higher ionization probability and hence form a plasma ignition at
pressures, which can be up to one hundred times smaller than for conventional sput-
tering. On the one hand higher deposition rates can be realized thereby. On the other
hand, fewer collisions occur for the sputtered material on the way to the substrate be-
cause of the lower pressure and hence the kinetic energy at the impact on the sub-

strate is higher. The electron density and hence the number of generated ions is high-

121



est, where the B-field is parallel to the substrate surface. The highest sputter yield
happens on the target area right below this region. An erosion zone is formed which
follows the form of the magnetic field. The bombardment of a non-conducting target
with positive ions would lead to a charging of the surface and subsequently to a
shielding of the electrical field. The ion current would die off. Therefore the dc-
sputtering is restricted to conducting materials like metals or doped semiconductors.
To produce dielectric films, RF-sputtering (radio frequency) is used where an ac-
voltage is applied to the target. In one phase ions are accelerated towards the target
surface and sputter material. In the other phase charge neutrality is achieved [Smith
1995]. Hereby also sputtering of non-conducting materials is possible. Alternatively,
for reactive sputtering other gases like oxygen or nitrogen are fed into the sputter

chamber additionally to the Argon, to produce oxidic or nitridic films.

Vacuum Pump Gas Inlet
Sample holder + Substrate

Permanent Magnet

Figure 5.2.1. The schematic of a sputtering system.
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5.3. Optical and spectroscopical properties

The refractive index at 632.8, 1319 and 1542 nm were measured in TE and TM
polarizations, by a m-line apparatus based on the prism coupling technique. The
thickness of the massive samples was measured by a micrometer while the thickness
of the planar waveguide was directly obtained by m-line apparatus.

The refractive index at 632.8, 1319 and 1542 nm were measured in TE and TM
polarizations, by a m-line apparatus based on the prism coupling technique. The
thickness of the massive samples was measured by a micrometer while the thickness
of the planar waveguide was directly obtained by m-line apparatus.

In Table 5.3.1 are presented the optical parameters of the phosphate bulk sam-
ples (PGO and PG1 parent glasses) measured by m-line apparatus at 632.8, 1319 and

1542 nm in TE and TM polarizations and the thickness measured by a micrometer.

Table 5.3.1. Optical parameters of bulk phosphate glasses measured by m-line

apparatus.

Refractive index (£ 0.0005)

Sample Thickness
633 nm 1319 nm 1542 nm

Label (mm) +0.01
TE ™ TE ™ TE ™

PGO 1.5109 | 1.5113 | 1.5009 | 1.5040 | 1.4974 | 1.4986 |5.47

PG1 1.5196 | 1.5201 | 1.5091 | 1.5088 | 1.5062 | 1.5073 | 5.40

The refractive index values reported in Table 5.3.1 shows that increasing the
Erbium concentration the refractive index at all the wavelength is also increase at all
the wavelength while the birefringence is negligible. The bulk glasses are character-
rized by a significantly higher refractive index relative to the pure silicate matrix

making them attractive for active waveguide fabrication.
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The absorption spectrum of the PG0O and PG1 glasses in the UV-Vis-NIR is
presented on Figure 5.3.2. The spectrum of PG1 glass is characteristic of Er**-doped
glasses [Hehlen 1997]. The band which is located at around 1540 nm is related to the

1152 — *11352 transition of the Er*" ions.

These glass samples show a wide transparency from 350 nm and they are suit-

able for low loss waveguides fabrication

Using M-line technique is possible to obtain the optical characteristics of the
planar waveguide. Two modes at 633 nm and one mode at 1319 and 1542 nm in pre-
sented in the waveguide. The results of optical and spectroscopic investigations of

phosphate  doped waveguides are reported in the Table 5.3.3.
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Table 5.3.3. Optical and spectroscopic properties of phosphate waveguides.

Refractive Index Attenuation coefficient
s (dB/cm) , .
Sample Composition Thickness FWHM Life
633 1319 1542 633 1319 1542 (nm) (nm) time
(ms)
W02 Si0; target+ PG1 sample+8 pieces 1.49 1.479 1.477 0.6 0.4 0.4 3.1 335 0.7
Of HfOz
W03 SiO; target+ PG1 sample+8 pieces 1.485 1.474 1.471 0.6 0.4 0.3 2.9 29.5 1.10
of HfO,
W04 SiO, target+ PG1 sample+8 pieces 1.489 1.48 1.478 0.6 0.4 0.3 3.6 34 1.75
Of HfOz
W05 Si0, target+ PG1 sample+8 pieces 1.488 1.477 1.474 0.4 0.3 0.3 2.6 32 1.97
of HfO;
W06 SiO, target+ PG1 sample+4 pieces 1.482 1.471 1.468 0.3 0.25 0.25 2.9 32 33
Of HfOz
Wwo7 Si0; target+ PG1 sample+4 pieces 1.475 1.468 1.465 0.25 0.2 0.2 3.1 34 3.47
of HfO,
W08 SiO, target+ PG1 sample+2 pieces 1.479 1.468 1.465 <0.2 <0.2 <0.2 3 28.5 5
Of HfOz




W10

Si0, target+ PG1
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1.458
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0.3

0.2
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W11
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1.461

1.458

0.3

0.2

0.2

34

29
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126



Table 5.3.4. Optical parameters of the W08 phosphate planar waveguide measured

by M-line apparatus.

Refractive Index | Attenuation coefficient
Sample | £0.001 (dB/cm) £0.2 Thickness
Label | 633nm (nm) £0.1
1319nm | 1542nm | 633nm | 1319nm | 1542nm
TE ™
W08 1.478 | 1.479 | 1.468 1.465 <0.2 <0.2 <0.2 3.0

From the Table 5.3.4 is noticeable that the W08 waveguide presents the thick-

ness about 3 um. The waveguide W08 supports two propagating modes at 633 nm in

TE and TM polarization, the birefringence is negligible.

Intensity [a.u]

Figure 5.3.5. M-line curve for W08 at 633nm.
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Figure 5.3.7. M-line curve for W08 at 1542 nm.
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The calculated electric field profile of the TE modes of W08 waveguide at
1542 nm is shown in Figure 5.3.8.

Substrate Film Cladding

Electric Field Intensity [a.u]

6 4 2 0 2 R
Depth [um]

Figure 5.3.8. Calculated electric field profile of the TEo mode at 1542 nm across
the layered structure consisting of cladding of air, waveguide and SiO; substrate of
the W08 waveguide.

As it is shown in Figure 5.3.8 of the TEo modelling at nm indicates that the op-
tical parameter of theW08 waveguide appear appropriate for application in the 1.5
um region. The ratio of the integrated field intensity inside the waveguide to the total

intensity, including also the evanescent fields, is 0.84.
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Figure 5.3.9. AFM images of representative 10x10 um? area of the W08
waveguide.

The AFM measurements of 10x10 pm? area of W08 waveguide are presented
in Figure 5.3.9. The average roughness was determined about 3.3 nm (SiO> substrate
average roughness of about 0.5 nm).

A room temperature photoluminescence spectrum (PL) of an Er** doped SiO»-
P>05-HfO2-Al203-NaxO planar waveguides was obtained using the 514.5 nm line of
an Ar' ion laser as excitation source. The planar waveguide was excited by prism
coupling technique in the TEo mode while the bulk glass was excited focusing direct-
ly the laser beam on the sample. The luminescence was dispersed by a 320 mm sin-
gle-grating monochromator with a resolution of 2 nm. The light was detected by us-
ing a Hamamatsu photomultiplier tube and standard lock-in technique. The lifetimes
were measured using a photomultiplier detector and analyzed using a Tektronix TDS
350 2 channel oscilloscope. More details about the experimental setup can be found
in the ref [Chiasera 2009]. Luminescence from the excited *I13 is observed with a
main emission peak of WO0S8 deposited sample at 1537 nm and a spectral bandwidth
of 48 nm. The shape of the emission spectrum is characteristic of the *Ii30—*11s

transition of Er’** ions in silicate glasses [Orignac 1999, Yeatman 1999, Goncalves
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2002, Zampedri 2001]. The bandwidth and the shape of the PL spectra of the other
erbium-activated waveguides are the same respect to the reported spectrum, accord-
ing to constant site-to-site inhomogeneities in the matrix.

The luminescence spectra of the W08 planar waveguide and the PG1 parent
glasses are reported in Figure 5.3.10. The two spectra are recorded with the same

spectral resolution and exciting the samples with the same laser at 514.5 nm.

PL Intensity [a.u]

1450 1500 1550 1600 1650
Wavelength [nm]

Figure 5.3.10. Room temperature photoluminescence spectra related to the
132 — *is2 transition of Er** ions from W08 planar waveguide (continuous line

) and PGI1 parent glass (dash line == ==) upon excitation at 514.5nm. The

spectra are normalized to the maximum.

Luminescence from the excited *I13,2 is observed with a main emission peak of
WO08 deposited sample at 1537 nm and a spectral bandwidth of 28 £ 0.5 nm. The
spectrum obtained from the PG1 glasses appear different in comparison with the W08
spectrum and exhibits a bandwidth of about 30.5 & 0.5 nm. The shape of the emission
spectrum is characteristic of the *I132—*11s transition of Er’* ions in silicate glasses

[Orignac 1999, Yeatman 2000, Goncalves 2002, Zampedri 2001, Chiasera 2009].
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The bandwidth and the shape of the photoluminescence spectra indicate homogenous

local crystal field distribution.

1 = W08
s e PG
o "m
[ J I-
[ ] oy
—_ .. L
s <
~. 0,1 .. ---- _
g 2 " T=0.6 0.1 ms
[0 | [ |
= .. [ 1]
- [ J [ 1 [ ][]
0.01 = 0.6 £0.1 ms S
ale o0
[ 2 [ 2 [ 2
0,00 0,01 0,02 0,03

Time [s]

Figure 5.3.11. Decay curves of the luminescence from the *I;3> metastable
state of Er** ions for (squares m) W08 planar waveguide; (circles @) PG1 parent
glass.

The Figure 5.3.11 shows the measured luminescence decay curves of the meta-
stable “Ii3» state of Er** ions for W08 planar waveguide and PG1 parent glass. The
132 decay curves present a single exponential profile with lifetime of 5.6 ms and 0.6
ms for the W08 and PG1 samples respectively. Is important to note as the comparison
of the spectroscopic features reported in the Figures 5.3.9 and 5.3.11 put in evidence
strong differences between the planar waveguide and the bulk glasses used to fabri-
cate the active film. We can explain this variation with the different composition of
the matrixes and the addition of the HfO system to the planar waveguide. Zampedri
et al. [Zampedri 2004] and Gongalves et al. [Gongalves 2004] have, in fact, demon-
strated that Er** spectroscopic properties are strongly affected by the local distortion

induced by Hf*" also at low content [Minati 2009]. It is possible that the waveguide
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exhibits a more distorted local environment for the Er** ion in respect to the parent
glasses changing drastically the emission band shape in the 1.5 um region. The Er-
bium content in the active film result significantly reduced due to the presence of
HfO, and SiO> on the target for the waveguide fabrication and this fact can contribute
to reduce the ion-ion interaction and increase the 1.5 um lifetime [Gongalves 2004].
We have also to mention the fact that RF-sputtering process allow to strongly reduce

the presence of defects characteristic of the parent glass.
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Chapter 6

6. Scanning Electron Microscopy

The history of electron microscopy started with the development of electron
optics. The first “scanning microscope” was built by Knoll in 1935. In 1938, theore-
tical explanation of principles underlying the scanning microscope was performed by
von Ardenne. The first and real description and development of SEM was accom-
plished by Zworykin in 1942. Zworykin showed that the secondary electrons pro-
vided topographic contrast by biasing the collector positively relative to the specimen
[Bogner 2007, Goldstein 2003].

SEM allows providing information on crystalline structure, chemical composi-
tion, topography of the surface and electrical behavior. In comparison with optical
microscopy, SEM has the following advantages: (i) SEM benefits from a large depth
of field of the specimen surface apart from the surface roughness; (ii) High magnifi-
cation can be attained up to 1 000 000x; (ii1) besides surface topography, by SEM can
be obtained information on crystal structure, electrical and chemical properties
[Bogner 2007].

The electron beam interacts with the specimen from an electron gun, which
rapidly scans the specimen surface. After this interaction of a beam with the speci-
men produces secondary, backscattered and Auger electrons, x-rays and light from
the specimen surface, collected by different detectors, which generates electronic sig-
nals. These signal are collected in the manner of image on a cathode ray tube (CRT).
The intensity of these secondary electrons depends upon the shape and the chemical

composition of the specimen.
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Figure 6.1. Ray diagram of a Scanning Electron Microscope.

Sol-gel prepared samples were investigated by Scanning electron microscopy

(SEM) using FEI Quanta 200 SEM apparatus (Fig.6.2 (a, b, c, d)).
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Figure 6.2. SEM microphotography of W4. Figure 6.2. SEM microphotography of W1.

of W3.

Figure 6.2. SEM microphotography of sputtered W05 waveguide on
Silicon.

Figu 6.2. SEM icrophotography



The microphotographs of sol-gel prepared and sputtered waveguides reveals
some random defects. In case of sol-gel prepared waveguides the possibility to ob-
serve some macro-inhomogeneities in the structure are related to the fabrication pro-
cess, which is multistep and requires strict control of all the steps of the production
process in order to minimize the voids, contaminants introduced into the waveguide
during the film formation procedure. Usually, the waveguides prepared by RF sput-

tering technique have much more less defects.

6.1 Atomic Force Microscopy

Atomic Force Microscopy is a robust and versatile research technique that
permits to investigate the morphology and the local properties of surface with high
spatial resolution. This technique was invented by Binning and coworkers in 1986
[Binnig 1986]. AFM allows the analysis of a surface and of its local properties by us-
ing special probes made by an elastic cantilever with a sharp tip on the end. The tail
piece of such tips is about 10 nm. Usually the tip is placed close to the surface with
working is 0.1-10 nm [Mironov 2004]. AFM measurements based on the atomic in-
teraction force between the tip and the surface. This force coming from the surface
and results in bending of the cantilever. When the tip is moved it will follow the sur-
face contours. A laser beam is located at the end of the cantilever to measure its de-
viation by photoelectric sensors. The distance between the surface and the tips is
controlled by piezoelectric tubes, as well as the lateral scan. The tip-surface interac-
tive force is possible to determine by measuring the cantilever deflection. The canti-
levers deflection is detected and converted into an electronic signal that is utilized to

reconstruct an image of the surface [Mironov 2004, Binning 1986].
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Figure 6.1.1. General principle of AFM.
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The morphological characterization of sol-gel and RF-sputtered planar
waveguides has been performed.

The AFM images were acquired with a Solver Px Scanning Probe Micro-
scope from NT-MDT. AFM data were acquired in semi-contact mode with a Sili-
con tip (~5.5 N/m, ~120 KHz) with a nominal radius of less than 10 nm. Analyses
were performed in the “center” of each sample on different scanning areas, 10x10
pm?,

Average (Sa) and root mean square (Sq) roughness were estimated for each

scanned area. Related formulas are given below:

Sa — average roughness, ISO 4287/1 (nm):

1 N, N,

S, =N—NyZZ|Z|

i=1 j=1 (1 7)
Sq — Root mean square roughness, ISO 4287/1 (nm):

-

x
x y i=l j=

' (18)
Table 6.1.2. Experimental conditions.

AFM (NT-MDT Unisolver)
Instrument

"GOLDEN" Silicon Probes/rectangular
Probe

cantilever NSGO1
Force Constant ~5.5 N/m
Resonant Frequency 120.9 and 122.95 KHz
Analysed Area 5x5, 10x10 pm?
Scan Mode semi contact mode

The waveguides have been investigated by the relative statistical analysis of
the 5x5 and 10x10 pm? scanned areas. In some cases the cross section, on selected

features, or a 3D image are reported as well (Figure 6.1.3).
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Figure 6.1.3. AFM of phosphate based
waveguide on Silicon, fabricated by sputter-
ing.
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Figure 6.1.3. AFM of W2 sol-gel waveguide.
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Figure 6.1.3. AFM of Phosphorous (4 mol. %)
codoped sol-gel silica hatnia waveguide.
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Figure 6.1.3. AFM of S08 (silica hafnia without
Phosphorous, 50 layers) sol-gel waveguide.
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Figure 6.1.3. AFM of Phosphorous doped
((CH4CH9O)3PO 10 mol. %) sol-gel wavegui-
de.
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Sa 1.8 nm

Figure 6.1.3. AFM of S10 (silica safnia with-
out Phosphorous 30 layers) sol-gel wave-
guide.

Sq 0.8 nm

Sa 0.5 nm
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Figure 6.1.3. AFM of S09 (silica hafnia without
Phosphorous 20 layers) sol-gel waveguide.
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Figure 6.1.3. AFM of W08 waveguide pre-
pared by RF-sputtering technique.

Sq 4.2 nm

Sa 3.3 nm

We report AFM images, the relative statistical analysis a 3D image on se-

lected features of the 5x5 and 10x10 pm? scanned areas. Since the samples are

supposed to be uniform, a single point for each sample was analysed. In case of

sol-gel derived samples the morphology is different and an average roughness is

depending on the chemical synthesis protocol and fabrication procedure is about

0.2-4.6 nm.

In conclusion we can tell that the average roughness of the films is reasona-

bly low, also for sol-gel derived waveguides. So, the losses are mainly due to

microscopic defects.
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Chapter 7

7. Dispersion in SiO:-HfO:-P,0s planar waveguides

If one wishes to understand the origin of dielectric response function, or
needs to deal with the dielectric properties of heterogeneous materials such as
glasses, i.e. as in the present case, then the microscopic aspect cannot be ignored
[Aspnes1982]. In particular, the refractive index and its dispersion are crucial for
all the photonic application [Huang 1978, Karpienko 2014, Mito 1997].

From an experimental point of view the dispersion curve can be obtained by
reflectance and transmittance measurement considering an electromagnetic field
propagating in a multilayered dielectric system [Tan 1998]. This kind of measure-
ment and analysis still remain a non-trivial task and the situation is much more
complicated in the case of dip-coated waveguides due to the fact that the active
film is deposited on both the side of the substrate [Belka2014].

From a general point of view the problem concerns electromagnetic planar
multilayered media and the inverse transmittance problem for normal incidence:
determination of the refractive index of an unknown material from a measured

transmittance spectrum.

7.1 Characterization of the reflectance R and transmittance T of a waveguid-
ing system

The present Section is devoted to the study and characterization of the re-
flectance R and transmittance T of a system of N contiguous dielectric layers (mul-
tilayer), stacked along the y axis (to fix ideas) and having ideal infinite extensions
along the x and z transverse directions, when a plane electromagnetic monochro-
matic wave, representing a light beam of given vacuum wavelength, impinges on

it.
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The approach is algorithmically oriented, being aimed to find a way to char-
acterize the multilayer optical behavior by means of an easily implementable com-
puter numerical code for arbitrary values of N.

Here, only the normal incidence case will be considered, which implies that
the TE (Transverse Electric) and TM (Transverse Magnetic) polarizations will co-
incide.

Each layer is made of a material having a complex refractive index g, Eq.19:

fi, =n, +ik,  (19)

where i denotes the imaginary unit, while s is an integer index labeling the differ-
ent layers (s = 1,...,N). The imaginary part of the complex refractive index is
known as the extinction coefficient and depends on the light absorption properties
of a given material. The complex refractive index (along with its real and imagi-
nary parts) depends in general on the (angular) frequency w of the monochromatic

plane wave, which is related to its vacuum wavelength A by means of Eq. 20:

2TC,

A= (20)

where ¢, is the vacuum light speed. Also, each layer has a thickness dg (s =
1,...,N). The system is completed by considering a semi-infinite non-absorbing
leading medium, in front of the multilayer (labeled with s = 0), which propagates
the impinging incident wave, and a semi-infinite trailing medium after the multi-
layer (labeled with s = N + 1), which propagates the transmitted wave. The first
layer with index s = 1 starts at the origin O along the y axis, with coordinate y =

0. The overall system is schematically depicted in the next Figure 7.1.1.
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Figure 7.1.1. Scheme of the waveguiding system.

In what follows non-magnetic materials with magnetic permeability identi-
cally equal to that of vacuum are also assumed throughout, that means: u = u,
everywhere.

In order to calculate the reflected or transmitted electromagnetic powers
normalized to the incident one, which are two ratios named reflectance R and
transmittance T of the multilayered system, respectively. One can consider, to
start, a simpler system with a single interface between two different media, labeled
with indices s = 1 to the left and s = 2 to the right.

The most general solution is one in which on both of sides, the electromag-
netic field is the superposition of right-going (+) and left-going (—) monochro-

matic plane waves:
E,, = EPetiksy L [Te-iksy (21
ks ) Lt N
B LA A ] (22)

(s = 1,2) where

B =(2n,) @3)
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The previous relations are consequences of Maxwell’s equations, which rule
all of the electromagnetic phenomena. Maxwell’s equations also dictate that the E

and H field vectors and the propagation direction unit vector in a plane wave are
mutually orthogonal and form a right handed frame. This constrain explains why in
the above expression for the magnetic x component there is a minus sign before
the left-going amplitude (the H field is reversed while the E field is not, to obey
the prescription).

Besides that, Maxwell’s equations dictates also the boundary conditions in
passing through the discontinuous material interface from medium 1 to medium 2:
there must be continuity of the tangential components of the electric and magnetic
fields across the interface. Because it is at y = 0, this condition transforms in a

matrix form, as following:

By denoting with Dy the 2x2 matrices above, which characterize the left or right
material (s = 1,2), after solving for the s = 1 amplitudes, the previous relation

becomes, Eq. 25:

(+)

E® S 05
£

1(_) = (Dl) 1D2
El

where the —1 exponent denotes the matrix inverse.

A step further toward generalization consists in considering a single layer
with two interfaces, one at y = 0 and the other at y = L, with three different media
involved, labeled with index s = 1, 2, 3 from left to right, respectively. In this case
it is possible to write down separately the transitions at the interface 0 to 1 and 1 to

2 which are of the type just seen, but a further relation is needed to connect the
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field amplitudes at the interfaces located at y = 0 and y = L inside medium s=1.
This situation is depicted in Figure 7.1.2, in which it is assumed that for the trans-
mitted waves (inside media s=1,2) the exponential phase reference is taken at y =

L, while for the incoming wave (inside media s=0) this reference is taken at y=0.

s=0 1 2
Eé+)e+i.‘_éoy E{+)e+i§:1(y—!,) E§+)e+ﬂ_\'z (y—L)
+ + +
Eé_)e—“\.’oy Ef_}e—iﬁi()’—r{-) ﬁ'g_)e—ikz(y—f_.)
o L y

Figure 7.1. 2 Transitions at the interfaces in the waveguiding layer.

By putting y = 0 and y = L for the s = 1 medium, it is easily seen that the

relation between the left and right layer interface amplitudes is:

EX
ES

EX
ES)

EX

[e—ile
ES)

(26)

at O at L at L

1.e., by means of a propagation matrix P; which is diagonal and depends on the
thickness L of the layer.
By composing this propagation with the transitions 0 to 1 and 1 to 2, one then has

finally the linear relation between the incoming and exiting amplitudes, Eq. 27:

+
E -1 -1
= (DO) D, P, (D1) D,

+)
E
- - @7
EO EZ

This pattern is easily generalized to the case of N layers:
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5 5
| = (Do) *D1 Py (D1)™'D,P,(Dy)~ " -+ DyPy(Dy) ™' Dy41 (_+) (28)
E, Enii

Hence the approach described gives an algorithm which is easily imple-
mentable as a computer numerical code, allowing the calculation of the overall ma-
trix relation of the field amplitudes at the front and rear sides (with respect to the
impinging beam propagation direction) of an arbitrary number of layers.

This overall matrix is expressed as a product sequence of 2x2 matrices. In
such a sequence there are subsequences characterizing the single material slab
through its complex refractive index and thickness: Dy P, (D)1, fork = 1, ..., N.

The padding matrices (D)~ ! and Dy, describe instead of the initial and fi-
nal semi-infinite media and do not involve any thicknesses.

The order of the sequence is important, because matrix product does not
commute, although it still does remain associative. Once the overall matrix is
known, it allows the calculation of the reflectance R and transmittance 7" of the
multilayer system. In fact, using the definition of the Poynting vector for the inci-

dent, reflected and transmitted powers per unit area, it follows that:

=5

ZZvac.

Pinc. = Re{fiy} (29)

25
Re{fio} (30)

ZZvac.

:Prefl. =

2l
S Reffine) (D)

2 vac.

Prrans. =

where Re{-:-} denotes the real part of a complex quantity, while Z,,,. is the free

space or vacuum impedance, a constant characteristic value of about 377 (). As has
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been previously pointed out, the s = 0 medium is always assumed non-absorptive
and thus 7, effectively is a real quantity (usually with a value of unity). For what
concerns the transmitted power, the expression reported refers to the power flux
just after the multilayer (or the beginning of the semi-infinite trailing medium), be-
cause if this medium is absorptive (i.e., iy, effectively a complex quantity) there
will be an exponential decay of the power flux depending on the path length inside
it, measured from its beginning after the multilayer. The vertical bars in the above
expression denote modulus of complex quantities. By definition, one has that (for

normal incidence):

_ =0T

T <32>
() |?

E ~

I
N

The amplitude ratios in the expressions above are easily obtained if the overall ma-
trix, let us call it S, has been calculated for a given multilayer. In fact, from the lin-

ear relation:

(+) (+) (+)
EO — S EN+1 — 511 512] EN+1 (34)
Gl ) I )
Suppose that E 15,1)1 = 0, one gets:
)
Ey) _ Su
= (35)

and
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(+)
EN+1 — L (36)
Eéﬂ S11

However involved is the multilayered structure, it is only a matter of con-
structing the matrix S according to the previous formula to be able to calculate its
transmittance and reflectance. Such a task can be readily obtained, after specifica-
tion of the optical characteristics and thicknesses of the various constituent layers,
by means of a computer code implementing the matrix products and for a whole
frequency range, thus producing a spectral response of the multilayer.

We do not stress here on the specific analytic closed form which could take
the elements of the matrix S, particularly for periodic multilayered structures (as
would be the case of a given pattern of material slabs repeated many times along
the beam propagation direction). We are mainly interested in the general numerical
calculability of such elements by means of a computer code: a task which will be

used in the application described in the next part.

7.2. Optical transmission calculations of the waveguiding system

The algorithm just described before solves the direct problem of calculating
the optical transmittance behavior of a given multilayered structure. However, the
same algorithm can also be used for the inverse problem. That is, the one of deter-
mining the refractive index and thickness of an unknown material layer - inserted
inside a multilayer built from a sequence of slabs of known properties- from an ex-
perimentally measured transmittance spectrum of such a structure over a chosen
wavelength range.

The spectrum, obtained instrumentally with a given wavelength sampling
step, usually makes available a lot of transmittance data at various wavelengths
which are in excess with respect to the number of parameters to be determined.
Such a data set is thus suitably amenable to a least squares regression analysis
which, however, will have to be nonlinear because transmittance does depend from

the parameters in a nonlinear fashion.
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To fix ideas, in the present work a tri-layer system has been considered, like the

one which is schematically represented in Figure 7.2.1.

Ny n Ny
air : air
SiOo,
L
-
d d d
X X

Figure 7.2.1 Multilayered waveguiding structure.

Where a silica (SiO,) substrate with a thickness d = 1 mm is sandwiched between
two equal layers of a transparent material of unknown refractive index n, and
thickness d,.

It 1s assumed that the refractive index dispersion of the Silica substrate is described

by the following Sellmeier formula, Eq. 37:

A2 Ay 2 AzA2
n(a) = J1 gt a e (37)

where the parameters A; and B; (i = 1,2,3) values (for wavelengths expressed in
micron, um) are taken from the web site Refractivelndex.INFO at:
http://refractiveindex.info/?shelf=main&book=Si102&page=Malitson
and then:
A, =0.6961663
A, = 0.4079426
A; = 0.8974794
B, = 0.0684043 um?
B, = 0.1162414 um?
B; = 9.896161 um?
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For the unknown material a similar Sellmeier equation has been considered:

Hq{A? H,A? H3A?

n,y(A) = \/ 1+ yE + 712 + pEm (38)

but with the six parameters H;, K; (i = 1,2,3) to be determined, along with the
thickness d,., by means of the previously mentioned nonlinear least squares fit, for
a total of seven unknown parameters to be eventually calculated.

In other words, there is a quantitative analytical model, represented formally
by the transmittances numerically calculated by the algorithm described in Part 7.1,
at a given wavelength 1, and as a nonlinear function of the seven parameters

dx'Hl"Ki (l = 1, 2, 3)

TNUM(dXJ Hl! HZrHSIKlfKZ'K3 | /13) (39)

and which has to be tested for acceptance, after comparison against

TMEAS ()[f) (40)

This is a set of experimentally measured transmittances at corresponding
wavelengths. Here £ is in fact the index scanning the set of measured transmittance
data in correspondence of the various vacuum wavelengths.

In the present case: £ = 0, ..., N, with N = 1400, for the wavelength range
400 =+ 1800 nm, sampled with 1 nm steps. N has not to be confused here with the
number of layers in the multilayer as it was in indicated in Part 7.1. Here the layer
number is particularized to a value of 3.

The basis of least squares analysis 1s the minimization of the following expression:

ZN TNUM(dX!H11H21H31K1!K21K3|Af)_TMEAS(A'P) 2 41
=0 o (41)
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representing the squared norm of the residuals as the components of a vector in the
linear space RV*1 (squared norm of the total residual), normalized by the standard
deviations o, of the various measured values.

That is to say, that the calculations are aimed to determine the parameter
values d,, H,, H,, H3, K;, K;, K5 for which such expression has a minimum. These

will then be the “true” values which characterize the unknown layer.

To this end, one has to introduce the vector valued function F with N + 1 compo-

nents, Eq. 42:
[ fo(dy, Hy, Hy, H3, Ky, K5, K3)1
ﬁ(dx}HllHZIHlellKZIKg) = ff(dleliHZJ H3’K1’K2’K3) (42)
—fN(de H11H21H3'K1rK2JK3)—
where

ff(dx; H,, H,, Hs, Ky, Ko, KS) = Tyum (dx,Hy,Ha,H3,K1,K2,K3|Ap)—TmEas(Ae) (43)

gy

for £ = 1,...,N. To simplify the notation, it is convenient, from now on, to collec-
tively call the parameters d,, H;, H,, H;, Ky, K,, K5 as a single vector argument
(with seven components) p (and addressing each one of them by a subscript m: p,,
withm =0, ...,6).

Then, one has to consider the Jacobian matrix of the vector valued function F with

respect to these parameters:

1) = [ (44)
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Where £ = 0, ..., N is row index and m = 0, ...,6 a column index (i.e., the Jacobian
is a (N + 1) X 7 matrix). The minimization procedure of the squared norm of the
residuals has necessarily to be an iterative one due to the nonlinear dependence of
TyEeas from the parameters p and as shown in the literature on optimization theory,
for the calculation of the minimizing parameters, the successive corrections Ap of

an initial guess p°are found by solving the 7x7 linear system:

J@EOYB)AB = =] (FF)EF () (45)
pr+l = gk + Ap (46)

In other words, there is a recursive procedure to follow for the determination of the
parameter values.

For the present work the following observations are to be kept in mind:

(1) The standard deviations g, are not known a priori and are put equal to 1 in the
present application of the least squares regression fit. The error in the measure-
ments is calculated a posteriori after the parameters p have been calculated at the
end of the recursive procedure; (ii) The evaluation of the Jacobian matrix elements,
requiring derivatives with respect to the parameters p, has been made by means of
finite differences after some small increments are added to the actual values of p
themselves (this a possible source of interference with the convergence during the
recursive calculation of the corrections Aps); (iii) The initial guesses for the pa-
rameters p, relatively to m = 1 to 6, are chosen as a mixing of the corresponding
ones for Silica (Si0,), and previously reported, and those for Hatnia (HfO,), which

have instead of the following values:

A, = 1345
As = 10.41
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B, = 0.15494 um?
B, = 0.0634 um?
By = 27.12 uym?
and which have been taken from the web site RefractiveIndex.INFO at:
http://refractiveindex.info/?shelf=main&book=HfO2&page=Wood
The coefficients in the linear combination add up to 1, with a discretely varying
percentage of each of the materials (if « is the percentage of Silica, the (1 — a) is
the percentage of Hafnia). Also, a given thicknesses range is spanned discretely to
give the initial guesses for the parameter p,.
The measured transmittance data obtained with Varian Cary 5000 UV-Vis-

NIR Spectrophotometer for a physical realization of the three-layer system previ-
ously described and which served for the least squares regression analysis which is
reported in the following graph (data are sampled with increments of 1 nm, for a

total of 1400 data points).

Experimental transmittance

O RN NN

transmittance
o

400 600 800 1000 1200 1400 1600 1800

wavelength (nm)

Figure 7.2.2. Experimentally obtained transmittance of the waveguiding system.

There is a smoothing effect of the measurement apparatus which can also be

interpreted as noise in the data, because the curve is not jagged as expected for a
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substrate thickness of 1 mm. The measure is non ideal also because there is some
not expected loss in the transmittance.

The least squares analysis above described and applied to the mentioned
three-layer system, does not give a neat global minimum associated with a specific
thickness. Probably such a nonlinear problem may have a large number of local
minimum solutions and finding the global minimum can be difficult. Otherwise, if
there are several local minimum solutions with acceptable data fits, then it may be
difficult to select a single “best” solution. A parameter measuring the goodness of
a fit is the norm of the total residual after the completion of the recursive procedure
(which is stopped by setting a tolerance below which the iterative corrective ad-
justments of the parameters p are interrupted). De facto, it can be considered the
common value of the a posteriori normal standard deviations of the various exper-
imental transmittance values (remembering that it has been previously pointed out
that the prior independent Gaussian normal standard deviations g, of the experi-
mental data for £ = 1, ..., N are not known and assumed equal to 1). In the Table

7.2.3 below are reported:

Table 7.2.3. Gaussian normal standard deviations of the experimental data.

Total residual 0.06159 0.06553 0.07047
Thickness (nm) 1460 1760 2440

H, 0.75990 0.79148 0.92957
H> 0.39917 0.44966 0.38392
H3 1.86776 1.98191 2.27679
Ki (um?) 0.26824 0.25048 0.24761
K; (um?) 0.27297 0.26974 0.27522
K; (um?) 11.65299 11.85968 12.39362

The results for the Sellmeier parameter determination corresponding to three

possible thicknesses of the a priori unknown material, obtained with the nonlinear

regression procedure previously outlined. The smaller the total residual reported in
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the first row of the Table 7.2.3, the better the corresponding least squares regres-
sion fit. Obviously the total residual cannot be exactly zeroed and the procedure
gives a lot of such a values corresponding to local minimum of the total residual,
being not able to discriminate the best. In fact, as the graphs below show, the Sell-
meier parameter found are all able to give a transmittance curve interpolating the
experimental data (blue tracks in the Figure 7.2.4, 7.2.5, 7.2.6). To mimic the
smoothing effect of the measurement instrument, the analytic transmittance values
obtained after the parameters p have been calculated via least squares regression
are subjected to a spectral filtering/averaging procedure, to remove the jagging (see
the grey tracks in the Figure 7.2.4, 7.2.5, 7.2.6) due to the jump in the transmit-

tance behavior.

Transmittance comparison for a thickness of 1460 nm
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Figure 7.2.4. Simulated transmittance of the waveguiding structure with a

thickness of 1460 nm.
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Transmittance comparison for a thickness of 1760 nm
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Figure 7.2.5. Simulated transmittance of the waveguiding structure with a

thickness of 1760 nm.

Transmittance comparison for a thickness of 2440 nm
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Figure 7.2.6. Simulated transmittance of the waveguiding structure with a
thickness of 2440 nm.

The next two Figures show how the Sellmeier parameters reported in the
second and fourth columns of the Table 7.2.3 are converted in the curve for the re-
spective refractive indices in the chosen wavelength range (which are also used to
calculate the transmittance curves in the previous Figures). These refractive indices

are compared with those of the hafnia and silica, which were used as initial guesses
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of the recursive procedure for the least squares regression. It is important to note
that the weighted average between silica and hafnia was used as the starting guess,
but from then the six Sellmeier parameters are adjusted in an individual fashion

and not collectively through this weighted average.

Sellmeier refractive indices comparison (1)
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Figure 7.2.7. Calculated Sellmier curve of a waveguiding system.

Sellmeier refractive indices comparison (2)

2.5

L]

L

Hafnia

—e—Calculated

[

—=—Silica

refractive index

o
w

400 600 800 1000 1200 1400 1600 1800
wavelength (nm)

Figure 7.2.8. Calculated Sellmier curve of a waveguiding system.

With the given model (Sellmeier equations) and the given experimental data
1s not possible to perform a better fit and to get further significant reductions in the

total residual. More accurate measures and/or more effective and accurate models

are needed.
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Chapter 8

8. Stress and strain in a film

Nowadays it is complicated to find any application where sol-gel oxide films
are not used: decorative coatings, automobile industry, protective coatings, coa-
tings for photonics and optoelectronics. Sol-gel film could be produced by spin and
dip coating techniques from appropriate organic or metal-organic precursors [Teo-
dorescu 2014, Brinker 1990]. Spinned or dipped films are amorphous and soft be-
cause they still contain solvent and precursor species. In order to remove solvent
drying is used. To complete removal of precursor residues and support densifica-
tion of the structure is necessary to tailor a suitable heat treatment regime. In our
case we have a dense amorphous structure with a high density of nanopores. For
the formation of the final densified film nanostructure the annealing step at high
temperatures has to be applied [Teodorescu 2014].

The morphology and the structure of thick multilayer sol-gel films, obtained
by multiple depositions from sol-gel solutions are different for each deposited
layer, because of different number of annealing time for each deposited layer.

Annealing temperature and atmosphere has influence on film porosity, sur-
face morphology and stress development in the oxide lattice or at the interface be-
tween the substrate and layer. Also this stress can appear from the defects in the
film or in the substrate, leading to cracking and film delamination [Teodorescu
2014].

Stress o is the force per unit area that is acting on a surface of a solid (Pa,

N/m?).
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Figure 8.1. Stress on a differential volume in static equilibrium.

The state plane stress in thick films will not appear in z direction, normal to
the substrate, and the shear stress which appears along the surface can be elimina-
ted. Any vertical deformations are freely moves in z direction and will not affect
stress in a substrate.

Suppose that the system is in static equilibrium and no significant external

forces act on the system. The two elements of stress are shown in the Eq.47:

o= (0" O) (47)
0 o

Thin films are stressed even without applications any force on it, what
means that the residual (intrinsic) stresses are present in thin films always. Two
types of residual stress can be indicated: compressive (minus sign) or tensile (posi-
tive sign). When any load applied for free body to push or pull it out of shape, a
term “strain” is used for that deformation characterization. Strain ¢ is a measure of
this deformation. Strain is a nondimensional variable. Since strain is caused by
stress in static equilibrium conditions and the same coordinates system can be
used. Oxide materials as well as Silicon, nitrides are elastic (no plastic) and comply
Hook’s law. Practically it means that they deform linearly with load. Stress and
strain are linearly related since load is proportional to stress and deformation is

proportional to strain:
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Ex _ H11 le O-x _ Gx
()= (s 1) (o) =1(ay) o9
Matrix H has only two independent elements or two elastic constants: the

elastic modulus or Young’s Modulus E and the Poisson ratio v.

(L5, )

An isotropic material represents ¢ = & = &, where the in-plane or biaxial
stress o = gx = 0, 1s equal to the ratio £/1 — v (biaxial modulus). In case when the
film was subjected only to uniaxial stress (i.e. the film is restricted to move only in
one direction), the stress can be determined from Eq.50:

o=FE-¢ (50)

This equation has some limitations and not used in presence of internal re-
sidual stress, because stress in this case is a sequence of thermal or growing effect
in all directions and not arised under external load.

One more important parameter is the elastic modulus or Young’s Modulus
E. Elastic Modulus (Young’s Modulus) means elongation of the material under a
given load (Pa, N/m?), characterizing material resistance to elastic deformation.
The higher the material elastic modulus, the lesser it deforms for a given stress.
When uniaxial tensile stress is considered, the material has an expansion in the di-
rection of stress and shrinkage in perpendicular to the stress direction.

Another dimensionless parameter is the Poisson ratio that shows the ratio of
the transverse to the axial strain, in other words the ratio between the shrinkage and
the elongation.

The volume of the element is changing as a function of strain proportionally
to (1-2v).

Young’s modulus and Poisson ratio derived from bulk samples and in some
situations is not be perfectly suitable for materials in micromachined devices. To
obtain Poisson ratio and Elastic modulus values the bending beam and resonant

beam techniques may be used [Lu 2011, Puchegger 2005].
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Using first method Young’s modulus value is measured as the force dis-
placement curve by loading the tip of a cantilever using a nanoindenter. Second
technique is based on the measuring the resonant frequency of a beam under exci-
tation. The Poisson ratio for thin films is more difficult to measure than the

Young’s modulus as thin films tend to bend out of plane in response to in-plane

shear [Sharpe 1997, Qi 2005].

8.1 Stress and strain formation in thin films

In the thin films residual stress can be uniform or non-uniform through the
depth. An average stress can be obtained if the stress is uniform. When the stress is
proportional to the average relaxed strain, and in such a way the stress gradient will
lead to relaxed strain gradient. Non-uniform stress arises when a difference of
stress or stress gradient exists between the top and the bottom of the film. The
stress gradient can be measured and considered as an average stress through the
depth taking into account the vertical variation of stress. No relaxed strain will oc-
cur if a body is stressed and remain motionless, but deformation occurs. The body
1s under residual stress and residual strain, but no relaxed strain. When the stressed
body is allowed to move, it will relax until equilibrium achieved and then will be
deformed. There are two kinds of stresses exist: extrinsic and intrinsic.

The extrinsic stresses occur under such external factors such as temperature
gradients. This kind of stresses is uniform through the depth and it is called thermal
mismatch stress. Extrinsic stress occurs when material has inhomogeneous thermal
expansion coefficients exposed to uniform temperature change.

To study the mechanism of thermal mismatch stress generation in thin films,

consider the typical structure presented in Figure 8.1.1.
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Figure 8.1.1. Occurrence of residual tensile stress in film; (b) residual com-
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]
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pressive stress in film.

In Figure 8.1.1 (a) the growing film shrinks relative to the substrate. Assum-
ing that the film and the substrate have the same length, the substrate undergoes
slight shrinkage in the plane and the film is subjected significant shrinkage.

The thin film was deposited on the substrate at an elevated temperature.

In general the thin film and substrate have different thermal expansion coefficients.

The thermal expansion coefficient of a material can be defined as:

_de
= (51)

Due to the fact that the thermal expansion coefficients depend on tempera-

ture, the strain caused by thermal expansion is given in Eq. 52:
e(l)=¢(10)+a - AT (52)

The first part of this equation is practically negligible and the last part
caused by thermal expansion. The causes of stress and strain occurrence in thin
films because the thermal expansion coefficients mismatch of the film and sub-
strate, when the film is much thinner than the substrate where it deposited on at
elevated temperature, and cooled to ambient temperature.

The tensile forces developed in the film are compensated with the compres-
sive forces in the substrate. To achieve mechanical equilibrium and eliminate any
of the uncompensated end moments in the system forces (F) and bending moments
(M) should be vanished on any film/substrate cross section. In motion free struc-

ture it will tend to oppose the unbalanced moments. In this case the film is bent to
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the substrate concave upward. Internal compressive stresses, therefore, bend the
substrate, Fig. 8.1.1 (b).
Since the substrate is thicker than the film, it is necessary to assume the sub-
strate in the absence of the film:
&= —0s. AT (53)
where as 1s the coefficient of thermal expansion for the substrate and the minus
sign, the compression of the film. The film then gets this same strain due to the fact
that it is attached to the substrate.
Efattached = —0s * AT (54)
When the film was unattached, the strain can be determined in Eq. 55:
ffree = —0f AT (55)
where oy represents the coefficient of thermal expansion for the thin film.
The thermal mismatch strain is a difference between the strains film features
with and without attachment to the substrate, Eq. 56:
Ef mismatch = Ef attached — Effree = (0 — 0Os) . AT (56)
Assuming that the thermal mismatch leads to stress in the film, the thermal

mismatch can be rewritten for biaxial system:

Ofmismatch = E (af -as)'AT (57)

1-v

It is accepted that tensile stress is positive, compressive stress is negative.
Therefore, if ar < as, a compressive stress will be expected and if oy > as, a tensile
stress will appear.

In general, in thin and multilayered films three kinds of stresses could be
marked out: intrinsic, thermal and mechanical. Intrinsic stresses arise during the
deposition process of films fabricated by sputtering, spraying, painting, spin
coating, vapor deposition, and electro-deposition. Intrinsic stresses include phase
transition, grain growth, sintering, defects formation and not quantatively. Vacancy
annihilation cause change in volume producing stresses due to the constraint of the
substrate or other layer. As a result, a film on a substrate will have intrinsic tensile

stress. Intrinsic stress result in a change in volume which then produces stresses
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due to the constraint of the substrate or other layers. There is possibility that the re-
sidual stresses can comprise both thermal and intrinsic contributions when the
temperature is different from the deposition temperature.

Generation of intrinsic stress is caused by internal structure of a material
during the deposition process. Different factors during deposition can influence on
intrinsic stress occurrence, such as deposition rate, deposition temperature, pres-
sure, incorporation of impurities during growth, grain growth and their structure,
fabrication process defects. Since intrinsic stress is usually non-uniform it causes
the stress gradient generation. For instance, the Phosphorous doped polysilicon is
expected to be more compressive than pure polysilicon because the Phosphorous
atom is larger than Silicon [Krulevitch 1992, Biebl 1995]. Silicon doped with Bo-
ron exerts a tensile stress into the crystal lattice. When this occurs and the smaller
Boron atom displaces the Silicon atom, therefore the lattice is contracted locally.
After contraction the Silicon lattice will restrain and in the issue a local tensile
stress appears.

Intrinsic stress can sometimes be removed during annealing at the high tem-
peratures and may not be convenient for the production of micromechanical devi-
ces.

Stress can be measured using two techniques: For the stress measurements in
thin films two kind of techniques are commonly used. First is a substrate curvature
technique [Doerner 1986] and the second technique is based on micromachined
microstructures of thin dielectric films.

Thermal stress as a kind of external stresses arise from the mismatch be-
tween film and substrate expansion coefficients as well as material transformations
upon cooling from firing temperature leads to intrinsic stresses. A way to reduce
thermal stresses is to lower a firing temperature. Especially in sol-gel derived films
the importance of deposition technique is increased because some additional
shrinkage and stresses due to densification process during the early deposition

steps appears.
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Formation of film stress can have a significant effect on mechanical, electri-
cal, and optical properties, affecting the reproducibility of properties and the relia-
bility of devices. For instance in electroceramic films their ferroelectric properties
are dependent on the residual stress and thermal processing stages of film fabrica-
tion. Tuttle found that stress of PZT thin films during the firing affected the micro-
structure by regulating the relative populations of a versus ¢ domains. Domains
preferentially aligned either parallel (c or 180° domains) or perpendicular (a or 90°
domains) to the substrate, depending on the magnitude and sign (tensile or com-
pressive) of the in-plane stress as the film is cooled through the transition tempera-
ture [Tuttle 1996].

In the work of Lee and co-workers is showed that the piezoelectric response
PZT films under compressive stress during the firing process was improved, while
Lappalainen et al. found an improvement in the dielectric constant of PZT film
with thickness increasing and residual stress decreasing [Lee 1992, Lappalainen
1994]. The importance of drying and densification steps for sol-gel films were
proved in a number of studies

In the work of Scherer the drying process of PZT sol-gel films was presented
as a complex interrelation between evaporation step, deformation of the solid
phase and fluid flow in the gel network. PZT sol-gel films under heating are as-
sayed shrinkage and densification. Starting from 100-130 °C solvents evaporation
occurred and gel network squeeze [Scherer 1986, Scherer 1988].

Corkovic and Zhang studied residual stresses development in the sol-gel-
derived ferroelectric thin films upon thermal treatment due to the thermal and elas-
tic mismatch between the Pb(Zrx,Til1-x)Os; (PZT) film and the substrate materials
during cooling. Using the wafer curvature method after the deposition of multi-
layer PZT film on platinized (100) Silicon wafers residual stresses were deter-
mined. Higher residual stress was found in PZT films consisting of only rhombo-

hedral crystallographic structure (PZT 60/40) [Corkovic 2007].

172



Bruchhaus performed detailed stress analysis of sputter deposited PZT films
of various compositions [Bruchhaus 1999].

Fardad shows the shrinkage of Si0; sol-gel films as a function of annealing
temperature for each used acid catalyst [Fardad 1995].

In the work of Cooney and Francis it was investigated sol-gel PZT films
cracking and delamination depending on the heat treatment temperature. Cracks
and delamination occurs as a result of stress development in the coating. Stress in
the film arisses from strain developed from constrained shrinkage and thermal ex-
pansion mismatch. Stress concentration and distribution is different at the edges,
external inclusions, vertical steps and surface irregularities stress concentration and
distribution is different. They observed that cracks in sol-gel films arise during the
final thermal treatment at 700 °C. During this heat treatment stress is higher be-
cause the coating has a high elastic modulus and the thermal expansion coefficient
T mismatch stress strain is high due to the larger temperature range over which
stress occurs [Cooney 1996].

During the film fabrication process the significant film shrinkage appears on
the surface of the substrate. In most of cases shrinkage occurs during the solvent
evaporation and morphological changes because of organic part removal and fur-
ther crystallization step. For sol-gel films deposited on cold substrate (room tem-
perature), the instantaneous residual stress, arised during the deposition and ther-
mal treatment, is related to a thermo-elastic stress due to the difference between the
thermal expansion coefficients of the film and its substrate. An intrinsic stresses
occur with growth mechanisms, phase transformation and film crystallization. Dur-
ing the cooling process occurs the relaxation of residual stress.

Ong and co-workers studied the effect of the thickness and residual stress of
sol-gel derived Pb(Zr,T1)O; thin films on the dielectric and piezoelectric proper-
ties of the polarizable and deformable material. For that they used Ex-situ wafer
curvature measurements, combined with cross-sectional scanning electron micros-
copy, allowed for the determination of residual stresses in the thin films calculated

by the Stoney equation. Residual stress in the film explained due to constrained
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shrinkage during drying, pyrolysis, crystallization, and thermal expansion mis-
match between the film and substrate on cooling. In this study the show the appa-
rent change in calculated residual stress, with increasing film thickness. For the
films with residual tensile stress and an inseparable thickness component, they
reached dielectric constant values increasing by up to 33 % as residual stress was
reduced by ~900MPa [Ong 2005].

Sengupta et al. study stress development in thin sol-gel layers of Lead titan-
ate by in situ laser reflectance measurements. The shrinkage normal to the rigid
substrate was determined by in situ ellipsometry. They explained densification and
stress development that occurred on drying and firing with evaporation and sol-
vent/polymeric network interactions at lower temperatures, and thermal expansion
mismatch between the substrate and the film. In the study they showed the im-
portance of the choice of substrate material, deposition method and heat treatment
conditions, in relation to stress development and dependent electrical properties
[Sengupta 1995].

In multilayered coatings where the total coating thickness is much less than
the substrate thickness, the total stress is affected by the stress developed in each
layer, and if the stress response for each subsequent layer were identical to that of
the first, the composite stress could easily be predicted for the multideposited
coating. It was found that in multilayered coatings stress development depends on
the structure of the coating.

For the coatings fabricated by magnetron sputtering Alagoz Arif and co-
workers presents a method of residual stress reduction by stacking low and high
material density layers of the same material. They prepared multilayered film by
changing gas pressure between high and low allowing formation of nanostructured
and dense layers. For the stress evaluation they fabricated Ruthenium films using a
DC magnetron sputtering system at alternating Argon pressures of 20 and 2
mTorr. For intrinsic stresses in thin film calculation of Ru multilayers  coatings
as a function of film thickness Wafer’s radius of curvature was measured. They

were able to reduce film stress more than one order of magnitude in comparison
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with the films produced at low working gas pressures. They explained the un-
usually low of the investigated samples by the model of compliant sublayers [Ala-
goz 2009].

Intrinsic stress appears with growth of thickness with sputtering of thin
films. Researchers already tried to study dependence of residual stress on process
parameters and microstructure.

Windischmann reported about correlation of intrinsic stress and Thornton’s
structure zone model (SZM) for sputtered thin films. They have almost zero intrin-
sic stress for low density thin films deposited at high Argon pressure and low tem-
perature. They achieved these results by converting the tensile stress to compres-
sive stress forming a dense film. This conversion is possible decreasing pressure.
The drawback of fabrication such low stress films is that working pressure between
tensile and compressive stress state is not feasible because the pressure window is
too narrow [Windischmann 1992, Windischmann 1987, Karabacak 2004].

The work of Karabacak et al. showed the reduction of compressive stress in
a film by interlacing high density sublayers with low density sublayers. They pro-
posed that a rough compliant underlayer delays the development of compressive
stress in the following dense layer over a thickness in the order of the underlayers
roughness.

There are shown the significance of working pressure during the deposition
on crystal orientation. High and low pressure leads to various crystals texturing in
the film. In their work Ruthenium films were deposited by dc magnetron technique
at room temperature. Depositions were performed under ultra pure Argon plasma.
For deposition high density layers they set the pressure to 2 mTorr in order to and
20 mTorr for low density single layers. The films had different thickness- 15 nm
low density films and 17 nm high density films [Karabacak 2005]. For the intrinsic
stress calculations they used the Stoney equation [Stoney 1909].

A high compressive intrinsic stress arises in the film fabricated at a low Ar-
gon pressure. After reaching 85 nm single layer thick, layer peeled off from the

substrate. At high Argon pressure is possible to grow 2 um thick single layers with
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tensile intrinsic stress close to zero. During the deposition process at high pressure
the anisotropia of Ruthenium flux to the substrate reduced. The shadowing effect
during the film deposition which is responsible for the columnar structure for-
mation also enhanced [Ardigo 2014]. They reduced total intrinsic stress of Ruthe-
nium films one order of magnitude compared to the conventional dense films. Very
thick films with low stresses can be produced using this density modulation tech-
nique. It should be noted, the stress in multilayer film increases slowly as the total
thickness increases. This observation can be explained by thermal stress evolution
during long deposition times due to the thermal expansion coefficient mismatch
between Si substrate (2.6 x10° K!) and Ru (6.4x10¢ K!) film. At thicker films
thermal stress stabilized [Chu 1998].

8.2 Stress measurements. Experimental techniques.
Stress measurements by substrate curvature method
We consider a composite plate film/substrate of width w [Kingery 1976] as in Fig.
8.2.1.

(a) (b)

Figure 8.2.1. Stress analysis of film/substrate combination: (a) structure; (b)

free-body diagrams of film and substrate with forces and end moments.
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The film thickness and Young’s modulus are dr and Er, respectively. The
corresponding substrate values are ds and E;. As a result of internal stresses, mis-
match forces arise at the film/substrate interface. Using static equivalent combina-
tion of a force and moment we can change each set of forces by Frand My in the
film, Fs and M in the substrate, where Fy= Fj since film and substrate are sticked
together. Force Frcan be considered to act uniformly over the cross-sectional area

dy, w, or on the middle
nﬁ:
Fy—=My (58)

or for the complete structure
df+ds
2

Fr =My +M; (59)

Considering now an isolated beam segment bent by a moment M , the
deformation is assumed to entirely consist of the extension or contraction of longi-
tudinal beam fibers by an amount proportional to their distance from the central or
neutral axis, which remains unstrained in the process. The stress distribution re-
flects this by varying linearly across the section from maximum tension +om on
the top to maximum compression —a, on the bottom [Kingery 1976].

The length of the neutral axis where the stress equals zero, is given by
Ly-0=Rd0 (60)
where R is the radius of curvature of the beam segment and d6, the subtended an-
gle. The length of the section at an arbitrary position y is
L,=(R+y)do (61)
The strain along the y axis is the difference between the length of the neutral axis

and the length at position y

_Ly—Ly-¢ (R+y)d6—RdO y
Ly=o Rd6 R

(62)

€y

The axial stress is then given by:
0y = E% (63)

and the maximum stresses on the top and bottom of the beam are therefore equal to
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on=+E—  (64)
showing that compressive stress on the top is negative and tensile stress on the bot-
tom is positive.
We can now calculate the bending moment of the beam segment by integrating the

stress over the beam section.

d/2 d3w E
M=2f Gywydy=E?Z=EI (65)

a3 . L. :
where [ = W1_z is called the moment of inertia of a rectangular beam with respect to

the center of the beam in a direction perpendicular to one of the sides. By exten-

sion of this result, we have

d3 w d3W
L~ and M, = E=
12R 12R

M;=Ef (66)

Finally, in order to account for actual biaxial-stress distribution in films, ra-
ther than the uniaxial stresses assumed for ease of integration, it is necessary to re-

place Er by E7/1—vrand similarly for E;.

dr+ds 3 w diw
2 12R(1-vy) S12R(1-vs)

£y (67)

Since ds is normally much larger than df’, the equation becomes

pols_p _dGw
Sy T 2R (1—v,

(68)

Furthermore, since oy is equal to the force Fr acting on the area wdy or ar= Fywdy,

the film stress or can be then given by:

_ Esdi 11
o 6(-vg) dy R (69)

Above mentioned formula called the Stoney equation. Stress values obtained
by Stoney approach are an average stress calculated as integral of stress over the
section (over the thickness of the beam). This method is useful to measure residual
stress in a thin film when their elastic properties unknown. On the contrary, if
strain in the thin film must be extracted, its Young’s modulus and Poisson ratio
must be known. For the film with intrinsic stress or stress gradient, stress calcu-

lated by Stoney equation will be the average stress at the middle of the beam. In

178



curved substrate stress is relaxed when bending, compressive and tensile stresses
vanished. The stress is replaced by relaxed strain expressed in this case by the cur-
vature of the substrate. Thanks to the simplifications (d, dr ), only silicon
Young’s modulus and Poisson ratio must be known to extract the residual stress in
any kind of thin films whatever the elastic properties of the film (£, v and «
values). If strain in the thin film must be extracted, its Young’s modulus and Pois-
son ratio must be known. Without the previous simplification, Stoney could be

more rigorously written as

1 [ Efd; Esd.g (70)

" 6R(dsrdgyd, |(1—vp) | (1-vs)
requiring to know the complete elastic properties of the thin film.

The Stoney equation assumes substrate with transversal isotropic elastic
properties. Validity of the Stoney equation implies that the substrate has transver-
sal isotropic elastic properties with regard to the thin film. Single crystal of Silicon
satisfy this transverse isotropy argument (100 oriented wafers) [Kingery 1976].
Films must also be uniform in thickness and stress must be homogeneous and equi-
biaxial over the entire substrate. Moreover, films prepared by LPCVD or PECVD
characterized not high uniformity compared to homogeneous sputtered films
[Kingery 1976].

The Stoney equation is a suitable approximation for thickness ratio dy/ds
smaller than 10 % [Kingery 1976].In the reference [Kingery 1976] presented modi-
fied Stoney formula without information on the layers modulus, to improve calcu-
lations for thickness ratios up to 40 %. For a laminated (n layers) continuous films
of thickness d;; on a substrate with athickness ds always greater than the total films
thickness Y7 dy;

The total curvature is a sum of each layer contribution because the moments
are additive. Each layer independently interacts with the substrate without account-
ting other layers in laminate [Kingery 1976]. The stress o; in the film number i

therefore yields
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_ Badg 11
oF 6(1-vs) df; Ry (71)

and the total stress o 1n the 1 stacked films 1s

Eqd? 1 on 1
6(1-vs Y, dp <=1

(72)

Ototal —

This formula shows that the total substrate curvature consists of a linear su-
perposition of the bending effects from each of the layer. In other words, the stress
in each layer is proportional to the partial curvature in the substrate due to this par-
ticular film [Kingery 1976].

Substrate curvature method is a simple estimation of the average stress in the
multilayered films. Moreover, this technique doesn’t need any photolithographic
step and knowledge of Young’s modulus and Poisson ratio of the film. An average
stress obtained by Substrate curvature method gives an average stress including the
presence of the stress gradient. The drawbacks of this method provides the average
stress value over the entire test wafer and does not take into account the local fluc-
tuations on the wafer and the fluctuations from one wafer to. In order to get the
average strain an elastic properties must be known. Curvature method provides an
average stress integrated over the whole thickness of a layer but aside the stress

gradient in the film.

8.3 Strain measurements using micromachined structures

Substrate curvature method allows getting an average wafer level value of
the stress without considering the local values. Local stress is doesn’t mean the
same as stress measured by substrate bending technique, since stress is defined mi-
croscopically, while deformations are mostly induced macroscopically [Kingery
1976]. Residual stress can vary across a wafer or a test wafer to a processed wafer.
After wafer processing it is necessary to access local residual stress values [Kin-
gery 1976].

For local film strain measurements used in situ micromachined structures
method. Removing underlying Silicon stress thin film relaxed and the residual

stress is converted into a deformation of the structure dimensions. This defor-
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mation is the relaxed strain proportional to the stress in the thin film before its re-
laxation. The proportionality is the uniaxial Young’s modulus [Kingery 1976].
Young’s modulus is therefore required to extract the final average stress from the
measured strain.

For in-plane measurements is possible to use Scanning electron microscopy
(SEM) or optical microscopy. Optical microscopy has some restrictions that it re-
quires focal plane adjustments are not precise enough for small deflections. Buck-
ling can be investigated by a microscopic interferometry as more sensitive tech-

nique [Kingery 1976].

8.4 Clamped-clamped beam and ring-and-beam structures analysis
Theory
Under compressive stress a double supported beam under compressive will
buckle when it is released. This type of structures with different length can be used
for compressive strain determination when it is buckled at a given stress level
[Kingery 1976]. For this case using the Euler equation for a critical buckling beam

of Lc; length, the critical starin critical strain & can be estimated:

_m?h?

3L2,

Ecr

(73)

where 4 is the beam thickness, and L., the critical beam length (i.e. the shorter
beam at which buckling occurs).

For each layer thickness, high stress level leads to a shorter critical buckling
beam and reverse. The critical buckling length L. decreases if the layer thickness 4
decreases.

Residual strain for each buckled beam can be determined from

7'[2
1212

ECc—

(24% + 4h%)  (74)

where A4 is the amplitude of the buckling deflection, L is the beam length and 7 is
the beam thickness. The buckling beam has a sinusoidal shape [Kingery 1976]. A
and h were determined by interferometry and ellipsometry measurements, L is ob-

tained from the layout dimensions.
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The Equation 74 allows to calculate the residual strain in very thin films
with short buckling length for a given critical strain measurement using large beam
length than critical Euler buckling length L. [Kingery 1976].

To study the effect of the strain gradient on clamped beam deflection, the
full deflection curve should be compared [Kingery 1976] with a two-dimensional
finite difference model. The gradient affects the evaluation of the transition and
prebuckled beams [Kingery 1976].

In our research we for stress calculations we used Kingery formula.

If o (1 and 2 is the volume fraction of two different phases, respectively) is the
stress, V- the volume fraction (equal to the cross sectional area fraction), a is a

thermal expansion coefficient, E- elastic modulus and ¢ the actual strain:

61Vit62Vo=1
E1 EZ —
(1_”1)(8-81)\714'(1_#2)(8-82)V2—0
If E;=E2, pi=p2 and cu=02=Aa
AoAT= €1-&2

then
o = () V2A0AT  (75)
In order to use the Equation 75 we need to calculate the thermal expansion
coefficient of the film with given composition of silica hafnia waveguide. Quartz
glass was used as substrate and has a well-known thermal expansion coefficient

value presented in the Table 8.4.1.

Table 8.4.1. Thermal expansion coefficient.

Oxides Thermal expansion coefficient,

a-10°, grad™

SiO» 0.55
HfO; 3.6
5.6
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5.8
P05 0.67

Table 8.4.2. Compounds of the planar waveguides and their physical-

chemical properties.

Compounds Molecular Molecular Thermal ex- | Percentage
weight of | weight pansion coef-
compounds ficient, a-10,

grad’!

Si(OC2Hs)4 208.328 60.0848 0.55 70

HCI 36.461

H>O 18.015

CH3;CH>OH 46.068

HfOCl,-8H>0 409.39 210.4888 5.8 30

Er(NOs);-5SH:O | 443.35 382.5182 0.3

Zr0; 123.2188 10.6 1.5

For the thermal expansion coefficient calculations of the film it is necessary

to transform percentage to mol:

Molar percentage of Oxide

Oxide=

mol  (76)

Molecular weight of Oxide’
Using this equation we obtain mol value for each oxide.
Si02= 70/60.08= 1.1651 mol
Hf0,=30/210.49=0.1423 mol
7r0,=1.5/123.22=0.0122 mol
Er03=0.3/382.52= 0.000784 mol
The concentration of ZrO> and ErO3 are very low and therefore is not used for

calculations.
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Total oxides mol value, m:
mSiO> + mHfO>=1.1651+0.1423= 1.3074 mol
Si0,=1.1651/1.3074=0.891
Hf0,=0.1423/1.3074=0.109
Zr0,=0.0122/1.3204=0.0092
Er03=0.000784/1.3204=0.00059
Total sum of oxides= 1

Using the literature value of thermal expansion coefficient for silica and haf-
nia oxide and knowing the mol percentage of each oxide in the composition we ob-
tain om silica hafnia matrix thermal expansion coefficient from the Eq. 77:

Om = mioy+ meoz + mpttn ~ (77)
Silica hafnia matrix has a thermal expansion coefficient 1,12-10°
By the same of calculations we obtain the thermal expansion coefficients for

the different Silica Hafnia compositions.

Table 8.4.3. Thermal expansion coefficient of different silica hafnia matri-

ces.

Waveguide Thermal expansion coefficient, 010,
grad™

708102 — 30HfO- 1,12

75510, — 25HfO» 1,01

80S102 — 20H1O; 0,89

90S102 — 10HfO, 0,71

Results of stress calculations of silica hafnia waveguides is given in a Table 8.4.4.
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Table 8.4.4. Thermo-mechanical characteristics of 70S10,-30HfO; waveguide

Waveguide | Thermal Elastic Poisson’s | To, T, AT, Volume Thermal Stress
expansion modulus for | ratio for | °C °‘C | °C fraction,V, | expansion
coefficient, | Quartz Quartz Film coefficient, o MPa
a-10°, glass, E | glass,u a-10°,
grad™! ar kG/cm? grad, as
Film Substrate

70S10,- | 1,12 0.74-10°(0.17 |20 |40 {380 |0.00025 | 0.55 0.004828
30H{O> 0

1 micron=0.0001 cm=0.001 mm

Film thickness

Volume fraction (film): =0.0005/2,0005=0.00025

Film thickness+Substrate thickness

Considering Volume fraction and thermal expansion coefficient we may calculate
stress in the film:

0 = (:£) V2A0AT (78)
0=(0.74-10%/1-0.17)-0.00025-0.57-106-380=0.04828 kG/cm?

Table 8.4.5. Stress values in the films of different thickness and substrate.

Waveguide Thickness of | Volume frac- | Ty, °C T,°C AT,°C Stress, Mpa
the film, mm | tion of the
second phase
Film
70S10;- 0.0005 0.00025 20 400 380 0.004828
30H{O> 500 480 0.00609
600 580 0.00737
700 680 0.00864
800 780 0.00991
900 880 0.01118
0.0007 0.00035 20 400 380 0.00676
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500 480 0.00854
600 580 0.01032
700 680 0.01209
800 780 0.01387
900 880 0.01565
0.001 0.0005 20 400 380 0.00966
500 480 0.01219
600 580 0.01474
700 680 0.01728
800 780 0.01982
900 880 0.02236
0.0015 0.0007 20 400 380 0.01352
500 480 0.01708
600 580 0.02063
700 680 0.02419
800 780 0.02775
900 880 0.03130
Substrate
Si0; glass |2 0.999 20 400 380 9.646

500 480 12.185

600 580 14.723

700 680 17.262

800 780 19.800

900 880 22.338

Stress development in the film of different thickness is given in the Figure 8.4.6.
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Figure 8.4.6. Stress development in films with different thickness.

Form the graph we observe constant raising in the stress level at increasing
temperatures that is due to thermal expansion coefficient mismatch between the the
film and the substrate, o for silica hafhia system is 1.12-10° and for quartz sub-
strate a is 0.55-10°°.

In practice it means for the thermal annealing procedure it is necessary to
apply slow cooling up to 500 °C, because after the stress value is double, that can
be explained a huge difference for the thickness of the film and the substrate, as a

consequence he substrate is cooling slower than a very thin film.
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Figure 8.4.7. Stress development for the films with different thickness at the

working temperature.

Figure 8.4.7 shows the stress level at the working temperature for the films
with increasing thickness value. We can see that increasing the film thickness with
have an increase in stress value.

The deformation that substrate is undergo during the heat treatment has an
influence on the overall stress development of multilayered structure. The calcu-

lated stress in the substrate is given below.

Substrate thickness

Volume fraction (substrate): =1/1,0005=0.999

Film thickness+Substrate thickness

o= (%)VQA(XAT
o =(0.74-10%/1-0.17)-0.999-0.57-10°-380=192,92 kG/cm?!
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Figure 8.4.8. Stress development in the substrate.

The stress generation in the substrate shows the same tendency that for case
of the interface between film and substrate - increasing of the stress value with the
temperature. That shows that the annealing and post annealing steps during thin
film fabrication has a strong influence and importance on cracks and defects for-
mations in thin films, at the worst leading to failure, therefore annealing regime

must be properly developed.
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Conclusions and Perspectives

This work shows that it is possible to fabricate phosphate-based planar

waveguides activated by rare earth ions both by sol-gel and RF-sputtering tech-

niques.

Some important points should be put in evidence:

In the sol-gel process the role of kinetics of reactions is crucial to have
transparent solution. The strength of my research in this sense is that we
have evidenced the more important critical points and show-stoppers con-
cerning fabrication of Si0,-P>Os-HfO, waveguide by sol-gel technology.
Although the sol-gel procedure was not consolidated, and this is a weakness
of the study, we can claim that the effect of an important number of different
P>Os precursors on the optical and morphological properties of the wave-
guide has been assessed. This is really a positive result of the research allow-
ing to start now from a solid base in chemistry.

Spectroscopic and optical measurements indicate that we are on the right
track to improve luminescence efficiency of sol-gel derived waveguide alt-
hough the more important drawback is related to devitrification of the struc-
ture leading to high propagation losses. However the sol-gel technique al-
lows to prepare SiO2-HfO,-P>Os planar waveguides with a good transparen-
cy.

Another important problem, typical of composite materials, is the dispersion
curve determination. The topic is clearly of great interest for waveguiding
system and especially in the case of P>Os-HfO> codoping, where the effect
of codoping on the refractive index could be different from the single P>Os
and HfO> doping. The more exciting results of this part is the numerical ap-
proach that I developed in collaboration with Dr. Alessandro Vaccari allow-
ing to determine the dispersion curve by the transmittance spectra. It is true
that the procedure was tested only for silica hafnia, due to the necessary

number of available data for a reasonable statistic, but the results are impres-
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sive. This kind of measurement and analysis still remain a non-trivial task
and the situation is much more complicated in the case of dip-coated wave-
guides due to the fact that the active film is multilayered and deposited on
both the side of the substrate. The presented solution has a general validity
allowing the determination of the refractive index of an unknown material
from a measured transmittance spectrum.

RF-sputtering deposition technique allowed us to fabricate low losses wave-
guides of composition Si0;-P>0s-HfO,-Al203-Na,O-Er20s. It is worthy to
note as the RF-sputtering process allow to improve the solubility of the rare
earth in the amorphous matrix and probably the amount of defects. The
physical clustering reduction is evident by the important differences in the
lifetime between the parent glass and the waveguide. Surely the increased
quantity of silica play right but the deposition technique sounds very effi-
cient.

Last but not least you have found in this manuscript several pages related to
the description of the techniques employed as well as several information of
general interest for the research activity. I believe that this tutorial character
1s another important strength of my research. In fact, to perform this research
multidisciplinary skills have been necessary and this is evident from the
convergence of chemistry, optical spectroscopy, simulation and morphologic
analysis to succeed in the fabrication of P,Os-based waveguides. I intro-
duced detailed presentation of the different points referring to the more im-
portant papers available in the literature to give a solid base to my col-
leagues for the future work.

Regarding this tutorial approach let me mention the chapter regarding stress
and strain. In this chapter is presented a detailed description of the effect of
fabrication protocol on the mechanical features of the devices. Several anal-
ysis techniques and modeling are discussed and specific calculation is per-
formed in the case of silica hafnia system. I’m aware that could be consid-

ered a weakness of the research because the analysis was not performed on
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phosphate systems due to lack of waveguides with high P>Os content. How-

ever, the obtained results really fit with the sol-gel fabricated waveguides.

In conclusion the objective of this thesis has been to evaluate various methodolo-
gies for fabrication Phosphorous-based planar waveguides. In this context sol-gel
and RF-sputtering techniques for planar waveguides fabrication has been investi-
gated. RF-process has been optimized. In case of sol-gel technique a further ther-
modynamical study is required. Each of technique has drawbacks, in sol-gel meth-
od the principal question is related to the kinetics of the reaction, since it is too
fast, to better control of the reaction rates, and better adjustment of the technologi-
cal films fabrication, which effects on spectroscopic properties of the waveguiding
systems: losses, refractive index. In case of RF-sputtering is noticeable that the re-
fractive index is low, and the losses are less than 0.2 dB/cm, however the multi-
component target material increase the complexity of the structure.

It’s evident that on the basis of the obtained results and collected information
the key point for the sol-gel technique is to choice the correct P,Os precursor. We
have covered the first step of this long walk thanks to the study of different precur-
sors. The immediate next step will be a detailed study of the kinetics of the sol gel
solution. Another important issue to be completed concerns the thermal properties
of the fabricated film and glasses and this is true both for sputtering and sol-gel.
Another interesting point that we have to consider is the role of P>Os and of xP,0s-
yHfO: on the refractive index of a silica-based glass. This means that we should be
able to fabricate the binary SiO2-P20Os system, surely a not trivial task with sol gel
technology and asking for time consuming in the case of RF-sputtering.

My research was performed in the framework of several international pro-
jects (see below) and we are looking to prepare a proposal for the Photonics KET
2017. I have already mentioned in the introduction as phosphate glasses are crucial
for the development of novel photonic devices especially for light confinement.
The more important among them are planar waveguides, fibers and microresona-
tors. All of them are inside our interest and when we will succeed in developing

suitable coating fabrication protocols we will exploit the mechanical, structural and
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optical properties of binary or ternary phosphate system to improve and tailor the

features of the above mentioned photonic systems.

My research activity allowed me to interact with several colleagues with dif-

ferent skills also thanks to my involvement in the international projects:

CNR-PAS joint project “Nanostructured systems in opal configuration for
the development of photonic devices” (2014-2016)

COST Action MP1401 “Advanced fibre laser and coherent source as tools
for society, manufacturing and life science”

Brazilian Scientific Mobility Program "Ciéncias sem Fronteiras"

MAE “Smart optical nanostructures for green photonics” (2013-2015)
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