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ABSTRACT

In this dissertation, the complete procedure for the fabrication of Er**, Yb*" and
Ce* doped and un-doped glasses with optical quality is described. Various properties
were investigated in these glasses, such as spectroscopic, optical, physical and thermo-
mechanical. For phosphate glass an improvement in the fluorescence emission was
obtained by modifying the glass composition and co-doping with B,O3, Yb** and Ce**
ions. These changes enhance greatly the NIR emission and reduce the up-conversion
process. Fluorescence decay time as long as 9 ms, large emission cross section (8 x 102
cm?) high quantum efficiency (90%) and low up-conversion can be obtained by
choosing adequately both, glass composition and Yb**/Er**/Ce®* concentrations. The
primary results indicate that this Yb*"/Er**/Ce® co-doped material is a very promising

candidate for laser and optical amplifiers.

On the other hand, a systematic study about the effect of alkalis (Li, Na, K, Rb
and Cs) and network intermediates (Pb, Zn, Ba and Mg) on the physical, thermal and
optical properties of tellurite glass were investigated. It was found that the Li,O-ZnO-
TeO, ternary glass composition presents good chemical durability, high refractive index,
high density, low coefficient of thermal expansion and wide transmission region. The
obtained glass composition was analyzed as a function of Er** and Yb** concentrations.
Experimental results show that high Yb* and low Er** concentration enhance the
fluorescence characteristics such as florescence lifetime, energy transfer efficiency,
emission cross section and quantum efficiency. Such properties are also strongly
influenced by introducing network modifiers (Li, Na and K) and the results indicate that
K might be the best spectroscopic network modifier. In general, an enhancement of

mechanical properties means a deleterious of spectroscopic properties and vice versa,



then, the right selection of glass composition depends on the application and there is

often a compromise among many factors
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RESUMEN

En este trabajo es descrito el procedimiento completo para fabricacion de vidrios
dopados y sin dopar con alta calidad dptica. Diferentes propiedades fueron investigadas,
tales como espectroscopicas, opticas, fisicas y termomecanicas, con el objetivo de
evaluar su correcto desempefrio. En al caso particular del vidrio de fosfato la
fluorescencia fue mejorada modificando la composicion vitrea y dopando con iones de
B,Os, Yb**y Ce®. Estos cambios mejoran la emisién en el infrarrojo (1.53 pm) y a su
vez reduce los procesos de conversion hacia arriba. Escogiendo adecuadamente la
composicién vitrea y la concentracion de B,Os, Yb*"y Ce®, es posible obtener valores
altos de tiempo de vida (9 ms), seccién transversal de emision (8 x 10% cm?) y
eficiencia quantica (90%). Los resultados preliminares indican que esta nueva

composicion es un excelente candidato para aplicaciones laser y amplificadores épticos.

Por otra parte realizamos un estudio sistematico sobre el efecto de los metales
alcalinos (Li, Na, K, Rb and Cs) y alcalinotérreos (Pb, Zn, Ba and Mg) en las
propiedades fisicas, térmicas y Opticas en vidrios de telurio. Los experimentos muestran
que la composicion vitrea dada por Li,0-ZnO-TeO, presenta buena durabilidad
quimica, alto indice de refraccidn, alta densidad, bajo coeficiente de expansion térmica
y amplio rango de transmision en el infrarrojo. La composicion vitrea Li,O-ZnO-TeO,
dopado con el sistema Yb**/Er®* fue analizado como funcién de la concentracién de Er**
y Yb** y los resultados indican que altas contracciones de Yb*"y bajas de Er** mejoran
las caracteristicas de fluorescencia. Tales propiedades también son fuertemente
influenciadas por la introduccion de modificadores de red (Li, Na and K), y los
resultados sugieren que K sea quizds el mejor modificador espectroscépico.

Generalmente cuando las propiedades espectroscOpicas mejoran los mecéanicas son
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deterioradas y viceversa. De esta manera la seleccion de la composicion vitrea depende

de la aplicacién y a menudo es un compromiso entre muchos factores.
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GENERAL OBJETIVES
Design and fabrication of bulk glasses with optical quality for laser and optical
amplifiers
To develop novel tellurite and phosphate glasses that can be heavily doped with
Er®*, Yb** and Ce* ions.
Spectroscopic and optical characterization of Er**, Yb** and Ce*" doped
phosphate glasses.
To investigate the mechanical and physical properties of tellurite glass as a
function of network intermediates.
To enhance the spectroscopic properties of 1.53 um signal emission by choosing

adequately the ions concentration and glass composition.



PREFACE

Erbium doped glasses is one of the most important materials investigated to
develop optical amplifiers and laser, because of the eye safe emission centered at 1.55
um corresponding to the *l13,—"l155; transition. Among oxides, silica glass is one of the
most studied hosts for these applications because of its good thermal-mechanical
properties, chemical durability and glass stability. The main drawback of this glass is
their narrow emission bandwidth and the low solubility of active ions that give rise to
cluster formation. The narrow bandwidth limits the transmission capacity of
information, reducing the performance of amplifiers. In addition due to their relative
low phonon energy of 1000 cm™, they present the undesirable up-conversion that
produces emission centered at 540 nm and hence this process also limits the gain of the
amplifiers. Based in these requirements, new glass hosts such as phosphate and tellurite
glasses have emerged to resolve this drawback. Both exhibits high gain, good chemical
durability, ion exchangeability, good thermal-mechanical properties, good glass
stability, broad bandwidth emission, high solubility of rare earth and low fluorescence
quenching. The high solubility permits the introduction of large concentrations of active
ions into relatively small volumes and promotes the design of compact device. Thus the
goal with this kind of glass is to reduce the up-conversion emission by choosing a host
with high phonon energy such as phosphate glass and increase the bandwidth using the
tellurite glass. In the present dissertation the spectroscopic characterization as function
of ions concentration of Er** doped, Yb*/Er** codoped and, for first time
Yb*/Er**/Ce* co-doped phosphate glasses will be described. Additionally a complete
study of tellurite glasses concerning glass composition and ion concentration were

investigated.



The general content of the thesis are presented as follow:
In chapter 1 the complete procedure to prepare phosphate and tellurite glasses including
annealing process are described. The optimization of parameters such as time and

temperature necessary for good annealing process that removes stress is also described.

In chapter 2 Er**doped and Er**/Yb*" co-doped phosphate glasses were
investigated. The Judd-Ofelt parameters, stimulated emission cross section and
fluorescence lifetime were calculated and are discussed. The effect of the dopant
concentration on the spectroscopic properties to obtain the highest quantum efficiency

was analyzed.

In chapter 3 we present the first report of a comparative study of the
fluorescence characteristics of Er**/Yb®* co-doped borophosphate and Er**/Yb**/Ce*
co-doped phosphate glasses were analyzed. The effect of B,O3 and Ce** concentration
on the emission intensity at the eye safe signal, decay time and emission cross section
were measured. The best combination of Yb**/Er**/Ce®*" and Yb*/Er**/B,0s ions
concentration in order to maximize the efficiency of the eye-safe laser emission were

determined.

In chapter 4 twenty tellurite glasses were prepared and divided into four batches
R,0-PbO-TeO,;, R,0-ZnO-TeO,, R,0-BaO-TeO,, and R,0-MgO-TeO, in order to
explore and compare the effect of alkali metals and network intermediators on the
thermo-mechanical, physical and optical properties. In addition to this, third order
nonlinearities were measured in order to know the potential for non-lineal optical

applications.
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In chapter 5 Er¥*/Yb*" co-doped tellurite glasses based on TeO,-ZnO-Li,O-
La,O3; were prepared and the spectroscopic properties were studied in detail.
Particularly, we focus this chapter to analyze the dependence of energy transfer between
Er** and Yb* as a function of their concentration. The Judd-Ofelt intensity parameters
and quantum efficiency were calculated, the emission intensity of both infrared and up-
converted signal were investigated and the physical mechanisms were explained in the

terms of the energy transfer and cross-relaxation processes.

In chapter 6 there is a comparative study of network modifiers R,0 (R = K, Na
and Li) on the spectroscopic properties of Yb**/Er®* co-doped tellurite glasses. The
emission intensity and fluorescence lifetime at 1.53 um were measured as well as
visible up-conversion and energy transfer as a function of alkalis. The Judd-Ofelt
parameter, quantum efficiency and emission cross section were calculated in order to

know the best modifier for high performance of laser and amplifiers.
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Chapter 1: Preparation of bulk glasses

CHAPTER 1
GLASS COMPOSITION AND PREPARATION OF BULK GLASSES

In this chapter, it is reported a brief analysis on glass composition and
preparation of different laser glass systems. The procedure for the fabrication of bulk
glasses and the complete annealing process of samples has been studied and various
parameters were considered in their fabrication composition, melting point, stirring,

glass transition temperature and annealing process. All these will be described here.

1.1 Glass composition

A pure former does not have the ability to provide good laser, optical and
physical properties by itself. Thus, to achieve those requirements the incorporation of
network modifiers is necessary. Recently, a lot of work on the glass composition has
been reported in tellurite and phosphate glasses [1-10]. There, it has been studied the
effect of alkali metals and alkali earth in order to improve thermal-mechanical as well as
laser properties. The typical composition of phosphate and tellurite glasses are P,0s-
X,03-R,0-MO-La,03 and TeO,-MO-R,0-La,03 (R=Cs, Rb, K, Na and Li and M=Ba,
Sr, Ca, Mg, Zn and Pb), where P,Os and TeO; are the network former, La,Oj is the rare
earth dopant and X30,, R,O and MO are network modifiers. Both, optical and
mechanical properties depend on the content and combination of network former and
modifiers. The most common composition of phosphate glasses contains from 55 to 70
mol % of P,0s. Below 50 mol% the glass formed has poor chemical durability and
above 70 mol % is difficult to melt due to severe vaporization of phosphate during the
glass melting process. The composition of tellurite glasses contains from 50 to 75 mol

% of TeO,, higher than 70 mol% produce glasses with a strong tendency to crystallize.
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R,0 reduces the chemical durability but increase the negative thermo optic coefficient
that in turn enhances thermal properties improving the laser beam quality [11, 12].
Furthermore, alkali metals improve the rare earth solubility and makes glasses suitable
for the fabrication of optical waveguide devices by ion-exchange process [1, 13]. MO
modifiers improve the physical properties but degraded slightly the laser properties. In
particular MgO provides the smaller non-linear refractive index [4], which is beneficial
for high power laser performance. X30, modifier is usually Al,O3;on the range from 5 to
15 mol%. If the concentration is higher than 15 mol % devitrification could occur, but if
the content is lower than 5 mol% the chemical durability is poor. The AI** content
improves the solubility of rare earth and thermal-mechanical properties such as

I3

chemical durability, thermal expansion and hardness. However, the AlI°" content has a

deteriorative effect on the laser properties [14-16]. In general, the content of AI** should

I3

be as low as possible because high Al°" content reduces the emission cross section [17].

Table 1.1 Several phosphate and tellurite glasses with different compositions

Tag Glass composition (mol %)
LG-750 *° (55-60)P,05-(8-12)Al,05-(13-17)K,0-(10-15)Ba0O-(0-2) La,0
LHG-8 % (56-60)P,05-(8-12)Al,05-(13-17)K,0-(10-15)Ba0O-(0-2) La,03
LG-770 *° (58-62)P,05-(6-10)Al,03-(20-25)K,0-(5-10)MgO-(0-2)La,03
QX/Er #® 67P,05-14Al,03-14Li,0-1K,0-4(Yh,03+ Er,03)
TZN 2 75Te0,-20Zn0-5Na,0

Table 1.1 shows different glass compositions most widely used in glasses for
optical amplifiers and lasers applications. LG-750, LHG-8, LG-770 and QX/Er are
commercial metha-phosphate laser glasses while TZN is the glass host base used for
optical fiber amplifier. Some of the more important laser, optical, physical and thermal-

mechanical properties of laser glasses are presented in Table 1.2. There, it can be seen
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that there are many parameters to be considered. Unfortunately an improvement of
laser properties is usually associated with degradation of thermal and physical
properties and vice versa. Thus, the right selection of glass composition depends of the

application and often is a compromise among many factors.

Table 1.2 Some optical, physical and thermal-mechanical properties of laser glasses

Laser and optical Physical Thermal
Cross section (oaps and oemi) Chemical durability(DR) Thermal expansion (a.)
Fluorescence lifetime (zeyp) Density(p) Glass transition temperature (T)
Fluorescence linewidth (FWHM) Hardness (H) Thermal shock resistance
Fluorescence peak (4.) Young’s modulus (E) Thermal conductivity (k)

Refractive index (n)
Non-linear refractive index (n,)

1.2 Fabrication of glasses

The samples glasses under study were prepared from the starting chemical
constituents, sodium phosphate (NaH,PO4H,0), tellurium oxide (TeO,), aluminium
oxide (Al,O3), barium oxide (BaO), magnesium oxide (MgO), zinc oxide (ZnO), lead
oxide (PbO), litium oxide (Li2O), sodium carbonate (Na,CO3), potassium carbonate
(K2COs3), erbium oxide (Er,03) and ytterbium oxide (Yb,O3) (all from Aldrich 99.99%
pure) according to the following range composition: (55-70)P,0s-(6-12)Al,03-(10-

18)Ba0-(10-15)K,0-xLa,03 and (60-75)TeO,-(10-20)Zn0-(5-15)R,0-(0-4.75)La,05 .

The procedure for the fabrication of the glasses is described as follow.
Calculated guantities of the compounds oxide were carefully weighted with an accuracy
of 0.0001 g and mixed in a dish glass for a certain period of time until obtain a
homogeneous mixture, see Figure 1.1. This procedure must be performed in a clean

environment, in order to avoid contaminants from the outer surrounding.



Chapter 1: Preparation of bulk glasses

Figure 1.1 Mix of chemical components.

The mixed components were introduced in an electric furnace preheated at 1100
and 850 °C for phosphate and tellurite glass respectively. Powders were melted for
periods of 2 to 3 h using a platinum crucible. Every 40 min the mixture was stirred so
that a homogeneously mixed melt was obtained. The stirring helps to the
homogenization of the glass melting that in turn reduces striae and bubbles generated by
reactions of raw materials. To remove the remaining bubbles the glass melt temperature
is increased around 150 °C above the melting point. At this temperature, the solubility
of the gas components decreases, bubbles will be formed and grow much more rapidly
but the elevated temperature decreases the viscosity of the glass supporting the bubbles
and thus they move up and vanish from the melt [18]. After 2 or 3 h, the furnace
temperature was gradually reduced at cast temperature 950 and 700 °C for phosphate
and tellurite glasses to increase the viscosity and reduce the micro bubbles into liquid
glass. The melt was cast into a suitable aluminum mould preheated close to glass

transition temperature (Tg), see Figure 1.2. If the mould preheated is far below Ty, the
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glass can break it and mechanical stress are significantly increased, while if the mould

temperature is too high (above Tg) the glass is adheres to the mould.

Figure 1.2 Aluminum mold for the fabrication of glasses.

The glass was immediately removed from the mould and quickly transferred to a

PDI annealing furnace. The finished bulk phosphate and tellurite glasses are shown in

Figure 1.3.

Figure 1.3 Bulk samples of a) phosphate and b) tellurite glass after annealing.
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1.3 Annealing process for bulk glasses

The purpose of the annealing process is to reduce the mechanical stress as low as
possible and hence to obtain a homogeneous refractive index inside the glass. It is
recommended to anneal the glass close to the upper annealing point (maximum
annealing temperature). At this point the mechanical stress inside the glass relaxes faster
but is more difficult to support itself because the glass is soft and it tends to deform
under its own weight. Therefore, the best option for stress relaxation is when the glass is
normally heated up to temperatures slightly above the T4 [19]. In our sample the T4 for
phosphate and tellurite glasses are around 420 and 300 °C respectively. The complete
annealing process as a function of time took 21 h and the temperature curves are shown

in Figure 1.4.

Melting temperature (T )

________________________________________________ 11 <

5h

Temperature (+C)

Room temperature e

Time (h)
Figure 1.4 Schematic representation of temperature curves of an annealing process of

phosphate glasses.

In this process the samples were annealed for 2 h at a temperature from 430 to
500 °C for phosphate and 300 to 380 °C for tellurite depending on glass composition.
The long time at this step was selected to assure that all parts inside the glass have

reached the T4. Subsequently the temperature was gradually reduced to 70% of initial
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temperature in a period of time of 12 h and kept there 2h. It is important to mention that
this phase of cooling down is the critical part of the annealing process, thus the
temperature rate should be as low as possible in order to avoid the formation and
eliminate any mechanical stress. Finally the glasses were gradually cooled to room
temperature in a period of time of 5 h. At temperatures far below Ty the cooling rate

could be increased without any risk of mechanical stress.
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CHAPTER 2
SPECTROSCOPIC ANALISIS OF Er’* DOPED AND Er®*/Yb* CO-DOPED
PHOSPHATE GLASSES

This chapter is devoted to the spectroscopic properties of Er** and Er**/Yb** co-
doped phosphate glass matrix analyzed by fitting the experimental data with the
standard Judd-Ofelt theory. Various spectroscopic parameters were obtained such as ©;
parameters, radiative transition probability, quantum efficiency, fluorescence lifetime
and emission cross section. With the help of this parameters it was evaluated their
dependence and the potential of the samples as a laser material in the eye—safe laser
wavelength (1.53 pm) as a function of the Er** and Yb** concentration. The effect of
Er** concentration on the quantum efficiency was discussed in terms of the cluster
formation of the active ion and by the dynamics change induced by the presence of

Yb3,

2.1 Name of glass samples and ions concentration

The glass samples were prepared from the starting chemical constituents, sodium
phosphate (NaH,PO4H,0), aluminium oxide (Al,O3), barium oxide (BaO), potassium
carbonate (K,COg3), erbium oxide (Er,O3) and ytterbium oxide (Yb,Os) (all from
Aldrich 99.99% pure) according to the following range composition: (55-70)P,0s-(6-
12)Al,03-(10-18)Ba0O-(10-15)K;,0-xLa,03 where x = 0.5-3.5. The samples were
prepared reducing the barium content with the Yb®*" and Er®** addition; the change of the
barium content ranges from 0.5 to 3.5 mol%. The rare earth doped samples were
prepared as follows. Four samples were prepared for 0.5, 1.0, 2.0 and 3.0 mol% of
Er,O3; denoted by PEO5, PE1, PE2 and PE3, respectively. Four samples co-doped with

2.5 mol% of Yb,03 and 0.25, 0.5, 0.75 and 1 mol% of Er,O3; were prepared and denoted

10
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by PEY 02525, PEY0525, PEY07525 and PEY 125, respectively. Another three samples
co-doped with 0.5 mol% of Er,O3; and 1.5, 2 and 3 mol% of Yb,O3; were prepared and
denoted by PEY0515, PEY052 and PEY053, respectively. The name of glass samples
and ion concentration in mol % and ions/cm?® are presented in Table 2.1. The complete
procedure to calculate the ions concentration can be found in [1] and the procedure to

make phosphate glasses is well described in chapter 1.

Table 2.1 Name of glass samples and ions concentration

Name  Er'/Yb® (mol %) Er**/Yb® (10 ion/cm®)

PEO5 0.5/0 1.20/0
PE1 1.0/0 2.37/0
PE2 2.0/0 4.64/0
PE3 3.0/0 6.83/0
PEY02525 0.25/2.5 0.57/5.71
PEY0525 0.50/2.5 1.13/5.72
PEY07525 0.75/2.5 1.72/5.73
PEY125 1.0/2.5 2.29/5.73
PEY0515 0.5/1.5 1.16/3.48
PEY052 0.5/2.0 1.15/4.61
PEY053 0.5/3.0 1.13/6.79

2.2 Experimental measurements

The density of each sample was measured by Archimedes method using water
distilled as immersion liquid. The samples were cut and then polished to 2 mm thick
slabs for different measurements. The refractive index was measured by using an Abbe
refractometer. The absorption spectra of Er** doped and Er**/Yb®*" co-doped phosphate
glasses were measured from 300 to 1700 nm interval using a UV-VIS-NIR
spectrophotometer (Perkin-Elmer Lambda 900) with a resolution of 1 nm. The
fluorescence spectra in the wavelength range from 1400 to 1700 nm corresponding to
*l130—"115, transition of Er** were acquired with a spectrograph (SP-500i, Acton

Research) connected to a semiconductor photo detector (Oriel) and the signal was

11
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processed on a PC. Samples were excited at low power with a CW AlGaAs
semiconductor laser centered at 968 nm. The fluorescence decay time corresponding to
1.53 um was measured using a SR540 chopper (Stanford) at 10 Hz and connecting the
photo detector directly to an oscilloscope (LT344 LeCroy). All the optical

measurements were performed at room temperature.

2.3 Judd-Ofelt (J-O) analysis

The room temperature absorption spectra of Er** doped and Er**/Yb*" co-doped
phosphate glasses are shown in Figure 2.1. All the absorption bands and their
barycenters are found to be almost identical except with some differences in the band
intensities. The absorption bands of Er** ion corresponds to transitions from the *I1s
ground state to *liae, “luar, *loz, *Forz, *Saiz, “Hure, “Frrz, Fsiz, “Faiz, “Gor, “Gura, “Goro
and %Ky, excited levels. Because of the inhomogeneous broadening, the Stark
structures are poorly resolved. The broadening of the absorption bands is a consequence
of the absence of long-range order in the host producing changes in the micro symmetry
around the Er** ion. The data from these absorption spectra can be used to predict
several parameters such as, the Q; parameters, radiative transition probabilities, the
branching ratio and the radiative lifetime of different transitions, in particular from 11

to the ground state (1.53 um) by using the Judd-Ofelt (JO) theory.

The measured absorption line strength (Smeas) for the induced electric dipole
transition of each band was determined experimentally from the area under the
absorption band and can be expressed in terms of absorption coefficient a by the

equation

12
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Figure 2.1 Absorption spectra of Er** doped and Er**/Yb** co-doped phosphate glasses

for 2 mol% and 1/2.5 mol%, respectively.

Here, J and J’ denote the total angular momentum quantum number of the initial
and final states, respectively, e=4.8032x10"° esu is the charge of the electron,
c=2.9979x10'° cm/s the velocity of the light in the vacuum, h=6.625x10?"erg s the
Planck constant, A is the mean wavelength of the absorption band (nm) and N, is the
Er®" ion concentration per unit volume (ions/cm®). a(A)= 2.303Do(A)/d is the measured
absorption coefficient at a given wavelength 4 (nm/cm), Dy (1) the optical density [log

I/lg], d the thickness of the sample (cm) and n is the measured refractive index. The

factor represents the local field correction for Er** ion in the initial J

9n
(n? +2)?

manifold. The values of Syeas Obtained by the numerical integration of the absorption
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line shapes were used to obtain the phenomenological Judd-Ofelt parameters 2 by
fitting the experimental value with the theoretical expression derived by Judd [2] and
Ofelt [3]

‘2

S 230 = 2Q[(S, IS LI = QO + QT + QU
t=2,4,6

(2.2)

where Q,, Q4 and Qs are J-O intensity parameters and [U?]% [U*]?, and [U®]? are the
squared reduced matrix elements of the unit tensor operator, which are calculated from
the intermediate coupling approximation. The reduced matrix elements are virtually
independent of the ligand species surrounding the rare earth (RE®*) ions and thus
approximately unchanged from host to host. This is because the 4f° electrons are well
shielded by other layers in trivalent RE** ions. The values of the squared reduced matrix
elements for the transitions bands considered in our calculations and for others possible
transitions are listed in Table 2.2, the complete values of these elements can be found in
[4]. The three phenomenological J-O parameters Q,, 24 and Qg exhibit the influence of
the host on the radiative transition probabilities, since they contain implicitly the effect
of the odd-symmetry crystal field terms. Thus, the small changes presented by these
parameters are consequence of the changes in the host composition through the Ba
content. The best set of Q; parameters of each glass was determined by a standard least
square fitting of the theoretical line strength (Sca) values to the experimental ones (Smeas)
and are listed in Table 2.3 along with the spectroscopic quality factor y=Q4/Qs. The

quality of the fit was determined from the RMS deviation obtained from AS;ns=[(9-3)
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1Z(Sexlo - Sca|)]1’2, where g stand for the number of absorption band considered for

calculation and the values obtained are also listed in Table 2.3.

Table 2.2 Squared reduced matrix elements for some transition of Er** ion [4].

Transition [U%] [U% [U°]
Yiap— s, 0.0195 0.1173 1.4316
Nip— s 0.0282 0.0003 0.3953

“1.3»  0.0331 0.1708 1.0864
HNop—"l1sp 0 0.1732 0.0099
1132 0.0004 0.0106 0.7162
1.0 0.003 0.0674 0.1271
For— 1572 0 05354  0.4619
1.3 0.0101 0.1533 0.0714
e 0.0704 0.0112 1.2839
oo 0.1279 0.0059 0.0281

S3—l1sp2 0 0 0.2211
*1gp 0 0 0.3462
s 0 0.0042 0.0739
*los2 0 0.0788 0.2542
“For 0 0.0003 0.0264

“Hiyp— s 0.7125 0.4123 0.0925
i 0.023 0.0611 0.0529
4 0.0357 0.1382 0.0371
o 0.2077 0.0662 0.2858
*Fop,  0.3629 0.0224 0.0022

*San 0 0.1988 0.0101
*F70—" 15 0 0.1468 0.6266
13 0 0.3371 0.0001

*1.0  0.0035 0.2648 0.1515
1o 0.0163 0.0954 0.4277
“Fop  0.0121 0.0342 0.0151

*S3,  0.0001 0.0058 0
’Hupe  0.1229 0.0153 0.4017
s o—" 15 0 0 0.2233
*ugp 0 0.1783 0.3429
s 0 0.0979 0.0028

1o 0.0107 0.0576 0.1020
*Fo,  0.0004 0.2415 0.3575

*Sg,  0.0082 0.0040 0
Hit 0 00586  0.1825
*F,  0.0765 0.0503 0.1015
Fan—"l1s 0 0 0.1272
1z 0 0 0.0345
s 0 0.0927 0.4861
*los2 0 0.2299 0.0558
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*For 0 0.0040 0.0595

%Sy, 0.0260 0 0
Hup 0 0.0005  0.0030

*Fp 0.0028 0.0584 0

*Fs,  0.06180  0.0350 0
“Gorp—"l1512 0 0.0190 0.2255

13 0.0780 0.1194 0.3535
e 0.0428 0.0824 0.1128
Yop  0.0147 0.0062 0.0043
*Fo,  0.0055 0.0314 0.0369
*Sap 0 0.0019 0.0025
’Hy,  0.0308 0.1828 0.0671
*F,  0.1058 0.0488 0.0240
*Fs, 0.0124 0.0259 0.0063
2Fy, 0 0.0208 0.0087
*Gup—ls,  0.9181 0.5261 0.1171
143 0.1013 0.2651 0.2594
12 0.0003 0.0496 0.0134
Yoo 0.0716 0.0131 0.0235
‘Fop  0.4252 0.0368 0.0122
*Sap 0 0.1302 0.0044
’Hy,  0.0004 0.1539 0.0494
*F,  0.0877 0.1287 0.0159
*Fs) 0 0.0378 0.0815
*Fap 0 0.0234 0.0923
’Ggp, 0.2906  0.01170  0.1328
*Gopt+’Kisp—lis,  0.0219 0.2456 0.1991
iz, 1.0909 0.3536 0.0421
N 0.1362 0.1542 0.2632
*lgp  0.0051 0.2263 0.103
*Fop,  0.2201 0.3897 0.389
S50 0 0.1651 0.0132
’Hy,  0.1157 0.3275 1.2953
*F, 0.6062 0.0089 0.1245
*Fe,  0.163 0.0824 0.0489
*Eap 0 0.171 0.109
’Gep  0.0269 0.7106 0.121
*Gue  0.097 0.2616 0.8345
0 0.0114 0.0598

The calculated values of ; parameters are in good agreement with those
reported in many phosphate glass matrices [5-8]. The dependence of the Q; parameter as
a function of Er®" and Yb®" concentration is plotted in Figure 2.2. For Er** doped

samples, Q4 exhibit a monotonic variation indicating less sensitivity to the environment
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of the active ion than Q, and Qg Both Q, and s decreases as the erbium ion
concentration increases and Ba reduce, being a minimum at 2 mol% suggesting a strong
dependence with the environment around the active ion. The Q, parameter is closely
related to the hypersensitive transitions, i.e., the larger the line strength of the

hypersensitive transition, the larger will be the value of Q.

Table 2.3 J-O parameters, spectroscopic quality factor and a measure of accuracy of the
fit for different Er** concentration in Er** doped and Yb**-Er** co-doped phosphate

glasses.

Er¥/YD® (mol %) Q Qs 7=0,/Q, ASms (107 cm?)

10 % cm?
0.5/0 5.20 0.81 1.35 0.61 0.184
1/0 4.72 0.92 1.20 0.76 0.144
2/0 477 1.15 1.12 1.02 0.170
3/0 4.37 1.10 1.10 1.00 0.193
0.25/2.5 5.81 0.44 1.44 0.30 0.324
0.5/2.5 5.68 0.48 1.42 0.33 0.190
0.75/2.5 4,99 0.64 1.31 0.497 0.158
1.0/2.5 4.55 0.79 1.22 0.648 0.174
0.5/1.5 4,73 1.16 1.32 0.87 0.169

0.5/2 5.17 0.91 1.36 0.67 0.166

0.5/3 5.78 0.58 1.32 0.43 0.240

It is well known that the hypersensitivity is related to the covalency parameter
through nephelauxetic effect and it is attributed to the increasing polarizability of the
ligands around the rare earth ions. Higher ligand polarizability results in a larger overlap
between rare earth and ligands orbital, i.e., higher degree of covalency between rare
earth ion and the ligands. Thus, the increment of the rare earth ions concentration and
reduction of barium content decreases the 2, and the degree of covalency. This result is
contrary to reported ones where an increment of the Q, value was observed with the

ionic concentration [9]. This difference suggests that the environment effect is
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dominated by Ba ion and is understood considering that having larger field strength is
responsible for a higher polarizability of oxygen at the rare earth site.

1.8 —e—q,
54 \. . —I—Q4
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Figure 2.2 £, €2, (% and y for: a) Er** doped phosphate glasses, b) Er**/Yb®" (x/2.5)

and c) Er¥*/Yb®" (0.5/y) co-doped phosphate glasses (all samples in mol%).

The value of Q; is also affected by the asymmetry of the rare earth sites that is
reflected in the crystal field parameter. The lower values of Q, result from lower
rigidity of the host matrix and may be due to the low asymmetry and rigidity of the rare
earth sites. Typically, Qs depend less on the environment than Q, but is more dependent
on electron charge density of the 4f shell and the excited orbital. The similar behavior of

Q, and Qg suggest that the environment effect is dominant. The increment of Q, after
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the minimum suggests an increment on the covalency parameter for concentration
higher than 2 mol% of Er**. In the Yb**-Er®* co-doped samples, all ©; parameters shows
a monotonic variation suggesting low sensitivity to the environmental change of Er**
ion, although the presence of Yb*" ion and the net reduction of the Ba content induce an
important change in the values of Q; parameters. These changes indicate that the
presence of Yb** disturbs the environment of Er** ion. The spectroscopic quality factor
v is important in predicting the behavior of various lasing transitions in a given matrix.
In these samples y shows an increasing tendency with the increment of Er®* content
while a decreasing with the increment of Yb** content, and reduction of Ba content. For
Er®* doped phosphate glasses (series PE) the values range from 0.61 to 1.00, and for
Yb*-Er** co-doped phosphate glasses (series PEY) it ranges from 0.31 to 0.87; the
complete values are displayed in Table 2.3 and the behavior as a function of
concentration is shown in Figure 2.2. These values are higher than the most standard
laser material (0.3 for Nd**:YAG) [4] and are in excellent agreement with the values
reported for other phosphate glassy host of (0.74 for Er¥*/Yb**:P,0s) [5]. It should be
noted that the presence of Yb®" ion as sensitizer reduces the quality factor indicating the

important role in the dynamics of the Yb**-Er** co-doped systems.

Using the (2 parameters the radiative transition probability (Araq) from different
upper states to the corresponding lower manifold states can be evaluated from the

relation

4.3 2 2
AL (13 64rx"e {n(n +2)

= x S, +n°S 2.3
3h(2J +1)2° 9 o ”‘d} @3)
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where Seq and Spg represent the predicted fluorescence line strength for the induced
electric and magnetic dipole transition respectively. Seq, is calculated using Eg. 2.2 and
presents a host dependence trough the Q; parameters. Spq, is ignored here, but will be

presented later and can be calculated using the expression

S, = [iJK(s L)L +25)(s", L)) (2.4)

167°m?c?

The values of the radiative transition probabilities as well as the branching ratios
for the most common emission bands and for the different concentrations under study
are shown in Table 2.4. It can be observed that in general, there is a decreasing tendency
in every transition as the Er** concentration increases except at 3 mol%. In this case a
small increment was observed indicating that at certain ionic concentration the
dynamics of the ion emission could change. A clear tendency was not observed for the
Yb*/Er* co-doped samples but certainly the Yb®* content reduces the radiative
transition probability. In general, the obtained values are in good agreement with other

reported values [5, 10-11].

Table 2.4 Calculated radiative decay rate and branching ratios of Er** ion for, a) 0.5, 1,
2 and 3 of Er®* doped samples, b) 0.25/2.5, 0.5/2.5, 0.75/2.5 and 1/2.5 of Er**/ Yb** and
c) 0.5/1, 0.5/2 and 0.5/3 of Er**/ Yb** co-doped samples (all glasses in mol%).

a)

Transition 05 Er (mol%) 1Erf(mol%)  2Er(mol%) 3 Er'(mol%)

A By AuGh) B Avrsh By Anrsh)  Bw

Nyap—lisp 10193 100 8859 100 8523 1.00 83754 1.00

lip—"ls, 14278  0.89 12309 0.89 12099 0.89 114543 0.89
“lap 1687 011 1488 0.1 1455 011 14235 011

Nop—lisp, 7119 060 7520 065 97.18 0.72 89.794 0.71
‘13 4658 039 3999 035 3783 028 37.227 0.29
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11 0.19 0.00 0.17 0.00 0.17 0.00 0.168 0.00
‘Fop—'lis, 89045 0.89 84516 090 99487 0.91 900.371 0.90
“liap 4249 004 4077 004 4650 0.04 44.062 0.04
*lap, 6346 006 5437 006 5204 005 50979 0.05
*lop 3.72 0.00 3.24 0.00 3.30 0.00 3.078 0.00

*S3p—%ls, 107652 053 920.14 053 97505 0.54 856.999 0.52
‘i3, 44334 022 377.90 022 37078 0.21 352494 0.21
e 3211 002 2743  0.02 2656 001 25975 0.02
oo 463.39 0.23 41356 024 43272 024 406.651 0.25
fep 060 000 050 000 047 000 0471 0.00

*Hi1p—"lis,  5806.01 0.96 5129.70 0.96 6091.98 0.96 4952.22 0.96
“liap 9447 002 86.01 002 9518 0.02 86.426 0.02
“lu,  49.04 001 4586 0.01 5112 0.01 47.806 0.01
“lq 8998 001 7913 001 8018 0.01 75248 0.01
“Fop 2220 000 19.49  0.00 1960 0.00 18.293 0.00
*San 0.02 0.00 0.02 0.00 0.03 0.00 0.029  0.00

b)

Transition 0.25Er**(mol%) 0.5Er*(mol%) 0.75Er*(mol%)  1Er*(mol%)

AJJ’(S_l) Bay AJJ‘(S_l) Bay AJJ’(S_l) Ba AJJ’(S-l) Bay

*liap—"lisp, 10246 100 10398 1.00 96.06 1.00 9050  1.00

Nlup—ls, 14791 090 14886 0.90 13507 090 12540 0.89
“lip 1671 010 1694 040 1577 010 1497 011

Nop—lis, 4018 046 4339 047 5605 056 66.47 0.62
‘1430 4758 054 4830 053 4426 044 4136  0.38
o 017 000  0.17 0.00 0.17 000 017  0.00

*Fop —'lis,  726.82 0.88 75250 0.88 78101 0.89 808.99 0.89
“lap 3414 004 3510 004 3672 0.04 3835 0.04
“lap, 6549 008 6603 008 6006 007 5587 0.06
*lor 3.97 0.00 3.89 0.00 3.44 0.00 3.15 0.00

*Sap—"lis, 110440 054 112087 0.54 1024.69 054 95557 0.53
“liap 45483 022 46161 022 422.00 0.22 39353 0.22
“lup, 3240  0.02 3292 002 3037 002 2856 0.02
“lop  438.04 022 44754 022 42776 022 41504 0.23
“Farz 0.61 0.00 0.62 0.00 0.57 0.00 0.53 0.00

“Hi1p—"lis, 5961.83 0.96 5860.11 0.96 5304.77 096 4954.08 0.96
“lap  89.22 001 8943 001 8514 002 8281 0.02
“lap, 4351 001 4374 001 4312 001 4319 0.01
“lop 9370 002 9262 0.02 8336 002 7726 0.01
*Fop 2369 000 2316 000 2051 000 1877 0.0
“San 0.01 0.00 0.01 0.00 0.02 0.00 0.02 0.00

c)
Transition 1Yb* (mol%)  2Yb**(mol%) 3 Yb** (mol%)
AJJ'(S_l) By AJJ'(S_l) Bar AJJ‘(S_l) By
Nizp—lsp,  98.41 1.00 100.19 1.00 96.80 1.00
Np—tlis, 13326 0.89  139.07 0.89 140.06 0.90
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32 1645 011 1661 0.11 1596 0.10
Nop—lisp  94.37 068 7596 062 50.35 0.3
g 4444 032 4568 037 4446 047

yas 0.19 000 019 000 0.17  0.00

*Fop —>%lsp 99817  0.90 907.77 0.89 750.99 0.88
Nz 47.73 0.04 4327 004 3625 0.04

42 5955 005 6191 006 61.88 0.07

*losp 3.27 000 355 0.00 394 0.00
%S30—%ls, 102342 053 1054.91 0.53 1029.90 0.54
Mz 42147 022 43445 022 42414 0.22

M, 3097 002 3157 002 3042 0.02

oo 47087 024 46113 0.23 42313 022

*For2 0.57 000 059 0.00 057 0.00
’Hyo— lis,  5296.86 0.96 5592.41 0.96 6002.85 0.96
30 94.07 002 9315 0.02 90.28 0.01

4, 51.03 0.01 4884 001 4550 0.01

o9 8170 0.01 8672 001 9236 0.1

‘Fo,  19.43 0.00 2117 000 2363 0.00

S5 0.03 000 002 000 001 0.00

The total radiative transition probabilities permit to calculate the radiative

lifetime 7o for an excited state J by using the expression

Trad = {Z A(‘] —J ')}_ (25)

From equations 2.3 and 2.5 it may be observed that the radiative lifetime is inversely
proportional to the refractive index of the glass host. The numerical values of the
radiative lifetimes for all concentrations are shown in Table 2.5. In general, the values
range of radiative decay time of *li3,—*l1s, transition of Er** is around 10 ms,
changing a little with the Er** concentration and is less sensitive to the Yb*" ion
concentration. Adding the radiative transition probability of every transition (running
over all final state J°) results in the total radiative transition probability that is related

with the fluorescence branching ratio S by the expression
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n AW > JY)
'BR(J_)J)_ZA(J —J")

(2.6)
The fluorescence branching ratio characterize the possibility to attain stimulated
emission from any specific transition and shows a host dependence trough the

parameters and the numerical values are also shown in Table 2.4.

Table 2.5 Stimulated emission-cross section (cemi), radiative (trq) and fluorescence
decay time (texp), and quantum efficiency (n) of *lyz— 115, transition of Er** doped

and Yb**/Er** co-doped phosphate glasses.

Er’/Yb® (Mol %)  Gemi (102 cm?)  Trad (MS)  Texp(MS) (%)

0.5/0 5.6 10.1 6.0 60
1/0 5.0 11.3 4.8 42
2/0 4.33 11.6 3.16 27
3/0 4.13 11.9 2.98 25
0.25/2.5 5.76 9.71 8.2 84
0.5/2.5 5.78 9.62 6.95 72
0.75/2.5 4.88 10.4 6.20 50
1.0/2.5 4.52 11.0 6.14 55
0.5/1.5 5.47 10.2 6.58 64

0.5/2 5.65 9.98 6.86 68

0.5/3 5.24 10.3 7.0 67

2.4 Fluorescence analysis
2.4.1 Infrared and up-conversion luminescence spectra

The normalized emission spectra of 0.5 and 3 mol% of Er®" doped phosphate
glasses are shown in Figure 2.3. The peak wavelength of this emission was observed at
1.532 um and the entire band ranges from 1400 to 1700 nm corresponding to *lyz;, —
*I155 transition. From this figure it can be observed that the bandwidth increased
significantly from 33 to 40 nm when the Er** concentration increased from 0.5 to 3

mol%. This phenomenon has been observed on other glass hosts [12-13] and it is
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explained on the basis of number of structural units present in glasses [14]. Particularly
this increment is beneficial for optical amplifiers because the transmission capacity of
WDM systems increase (i.e. the number of combination of communication of channels

to be amplified increases).

1.04 ——3.0 Er"" (40 nm)
— —0.5Er" (33 nm)

Normalized Intensity (a.u.)

T T T T T T T
1450 1500 1550 1600 1650
Wavelength (nm)

Figure 2.3 Emission spectra bandwidth of *l13, — *l15, Er** transition for 0.5 and 3

mol% of Er®* doped phosphate glasses.

For Er** doped samples no visible up-conversion signal was observed in our system due
to the high phonon energy of the host. However, in Er¥*/Yb** co-doped phosphate
glasses three weak emission bands in 526 nm (*Hi12 — “l1s2), 548 nm (“Sar, — *l1sp)
and 660 nm (*Fez — “l152) were observed, see figure 2.4. That means that the Yb**
concentration plays an important role in the dynamic of the Er** emission. Notice that
the intensity of red band is larger than green bands. This characteristic is promoted
partly by the addition of Yb** ions and partly by the high phonon energy of phosphate
glass. The complete analysis of the effect of Yb*" concentration and other possible

mechanism will be studied later.
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Figure 2.4 Up-conversion emission of Er**/Yb*" co-doped phosphate glass

2.4.2 Emission cross section (ECS) of *l1a;, — 1152 transition of Er®*
The stimulated emission cross section (ECS) for *li3, — “l1sp2 transition was

evaluated from the measured emission line shape using the expression [15]

A
{1 )= p—ad’ 57
Ge”"( p) 87eN* Al 2.7)

where A4, is the peak fluorescence wavelength and Araq is the radiative transition

probability, which can be expressed in terms of Q; by

647'e’ y n(n2 +2)2
3h(2J +1)2°

A Clis,—tlie),) = (0.0188Q2, +0.1176Q), +1.461702;)

(2.8)
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Since the emission band is found to be slightly asymmetric an effective line

width (A/er) was determined using the expression

Ady = j@dz (2.9)

where I, is the peak fluorescence intensity corresponding to 4,. The calculated values of
the emission cross-section as a function of the ionic concentration are listed in Table 8
and their behavior is shown in Figure 2.5. The emission cross section decreases with the
increment of the Er** concentration, both in Er** doped and Er**/Yb*" co-doped

samples, being the maximum for lower concentration, as is shown in Figure 2.6a

0.2 0.4 0.6 0.8 1.0
6.0 ——— 1 6.0
] o~ ~e J
5.5 'j a) |55
5.0 [ ] 45.0

. \ () .
- \. i
4.5 —— Er3+ mol%) . 4.5

== Er¥vb® (/2.5 moloh) ——n | 4o
. d T v T v T .

0 1 2 3
Er (mol%)

58 T T T )
) b) |
5.64 / .
1 a ]
5.44 .

A

5.24— v T T T v T
1.5 2.0 2.5 3.0

vb3* (moloe)

Figure 2.5 Emission cross-section as a function of the Er** concentration for doped and

Yb*/Er** co-doped system a)Er¥*/Yb** (x/2.5 mol %) b) Er**/Yb** (0.5/y mol %).
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The changes in Yb*" concentration suggest an optimum concentration of 2.5
mol% where the maximum emission cross section for 0.5 mol% of Er** was obtained,
see Figure 2.5b. Notice that these behaviors are similar to the Qg behavior suggesting
that the influence of the matrix changes the spectroscopic properties. From equation 5.8
it can be seen that the parameter % is more dominant in the value of Aryg. This is
because, among the three squared reduced matrix element, [U°]* has the highest value.
Thus an increas in the value of % means necessarily an increas in the value of ECS, as

shown in Figure 2.6.

554® —e—ECs 1.4
.\ ot
50 L 1.3
45' L 1.2
.0 \\ L
J .&. ._11
4.0 : : : :
05 10 15 20 25 30
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o \ 14 o
£ £
o | [3)
5o 8
5 e g
O o’
L b) |
T T T T T T T T 1-2
0.4 06 08 1.0
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] . _
5.6 /
| |
le L1.35
5.4-
Im m|
C
5.2 ,) : , : , : ®l130
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Yb™ (mol%)

Figure 2.6 Behavior of emission cross section and (2 as a function of Er** and Yb** for
a) Er** doped samples, b) Er**/Yb*" (x/2.5) co-doped samples and c) Er**/Yb®" (0.5/y)

co-doped samples (mol%)
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2.4.3 Fluorescence lifetime and quantum efficiency

The fluorescence decay time of *li3p — “lis transition was measured to
evaluate the quantum efficiency of the samples as a function of the rare earth
concentration. It was found that the lifetime decrease with the increase of Er**
concentration and slightly increases with the increment of sensitizer Yb*" ion, see
Figure 2.7. The decrease of lifetime is associated to the fluorescence quenching
phenomenon, up-conversion and cross-relaxation [16,17]. In addition to the
concentration quenching process, OH content and multiphonon relaxation could also
contribute to the non-radiative processes [17]. On the other hand the lifetime of such
transition increase from 6.59 to 7.0 ms when Yb,03 increase from 1.5 to 3.0 mol%, see
Figure 2.7. This is the result of a better dispersion of Er** avoiding cluster formation

that in turn avoids fluorescence quenching.

— — 0.5%Er” (6 ms)
——3.0% Er’ (2.98 ms)

5 - - - 0.5% Er’/1.5% Yb> (6.58 ms)
< 2 0.5% Er’'/3.0% Yb*' (7.0 ms)
% \‘:‘ .
§ Ol- ~~‘:... L3
£ ] ‘\.‘.
o] s
(]
N
©
£
[e]
P
0.01
0 10 ' 20
Time (ms)

Figure 2.7 Fluorescence lifetime of *l13;, — 115/, transition for 0.5 and 3 mol% of Er**

doped samples and 0.25/2.5 mol% of Er**/Yb** co-doped sample.
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With these measured values quantum efficiency (7) was calculated as the ratio

of the effective radiative decay time to the radiative decay time expressed by

(2.10)

The obtained values are summarized in Table 2.5 and the behavior of 7 is shown
on Figure 2.8. The experimental results show a decrease of the quantum efficiency with
the increase of the Er** concentration. The highest and lowest efficiency obtained is

84% for 0.25Er**/2.5Yb*" (mol %) and 25% for 3Er** (mol %) respectively.

Yb*" content (mol%)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
90 A 1 A 1 A 1 A 1 A 1 A 1 70
1o m=— Er’/0 (0/x mol %)
80- \ —o—Er*'/Yb* (x/2.5 mol %)
S 7 —y=—Er*'/Yb>" (0.5/y mol %)
= 701 v L 68
CC) J
2 604 '\
£ . ® vr
(]
e 50- N
‘g 1 ] 66
S 404
(@] J
304
' "lea
v =
20 "
v ) v ) v ) v ) v ) v )
0.5 1.0 15 2.0 25 3.0

Er*content (mol %)

Figure 2.8 Quantum efficiency of Er** doped and Er**/Yb** co-doped samples as a

function of the Er** and Yb®* concentration.

The obtained quantum efficiency is comparable to other results reported

recently, is good enough such that this glassy system could be considered as a good
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candidate for the eye safe laser emission at 1.53 um. The low quantum efficiency is
consequence of the presence of non-radiative processes due to the cluster formation of

Er** ion and probably due to the presence of OH content.
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CHAPTER 3
EFFECT OF Ce* AND B,03; CO-DOPING ON FLUORESCENCE
PROPERTIES IN Er*"/Yb* CODOPED PHOSPHATE GLASSES

In this chapter, it is reported a comparative study of Ce** and B,O3 concentration
effect on the fluorescence properties of Er¥*/Yb®* co-doped phosphate glasses. Ce®* and
B,03 co-doping improved the accumulation of population of *l;3, level, resulting on an
enhancement of the fluorescence quantum yield at 1.53 um. The obtained results show
that by choosing the right Ce** and B,O3 concentration is possible to increase the *I13;
fluorescence lifetime as long as 9 ms. The best combination of Yb*'/Er¥*/Ce** and
Yb**/Er**/B ions concentration in order to maximize the efficiency of the eye-safe laser

emission were found.

3.1 Name of phosphate glasses

The samples glasses were prepared from the starting chemical constituents,
sodium phosphate (NaH,PO4H,0), boron oxide (B,O3), aluminium oxide (Al,O3),
barium oxide (BaO), potassium carbonate (K,CO3), erbium oxide (Er,O3), ytterbium
oxide (Yb,O3) and cerium oxide (Ce,O3) (all from Aldrich 99.99% pure) according to
the glass composition, P,0s-Al,03-Ba0-K,0-Er,03-Yb,03-X,03 where X = Ce and B.
The samples were prepared reducing the potassium content with the Ce** or B**
addition and keeping the rare earth constant; the change of the potassium content ranges
from 0.5 to 6 mol%. Four samples were prepared for 0.5, 1.0, 2.0 and 4.0 mol% of
Ce;03 denoted by PEYCO5, PEYC1, PEYC2 and PEYC4 respectively. And four
samples doped with 1, 1.5, 2.0, 4, and 6 mol% of B,0O3; were prepared and denoted by

PEYBL, PEYB15, PEYB2, PEYB4, and PEYBG, respectively. The tag of samples and
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corresponding concentration are listed in table 3.1. The complete procedure to prepare

phosphate glass was described in chapter 1.

Table 3.1 Name of phosphate glasses under study.

Tag 0.15Er**/2.5Yb**/xCe®* Tag 0.15Er**/2.5Yb>*/xB**
PEYC01525 0 PEYBO01525 0
PEYC0152505 0.5 PEYB015251 1
PEYC015251 1 PEYB0152515 1.5
PEYC015252 2 PEYB015252 2
PEYC015254 4 PEYB015254 4
PEYB015256 6

3.2 Infrared and up-conversion emission spectra

Er** doped glasses with low phonon energy have been studied for visible
upconversion laser due to strong emission of “Ssp—>*lisp transition [1-4]. When
considering the applications of active materials such as amplifiers and laser, this visible
emission is associated to an efficiency decrease because population from is *l11, re-
exited and populates Sy, that produces radiation at 548 nm by relaxation to the ground
state (“l1s12). All this process produce a deleterious to pathway associated to 1.53 pm
emission. As is expected this visible emission decrease gradually as the phonon energy
increase. Then, a host glass with high phonon energy is necessary. However if the
phonon energy is too high a deleterious effect is also observed in the 1.53 pum emission.
No visible up-conversion has been observed on Er** doped phosphate glasses, which
have phonon energy of 1100 cm™. However in Er¥*/Yb** codoped glasses, due to high
cross section of Yb more ions are exited to “l11/, and *F7;, level by ET from Yb to Er.
The overall process produces green and red up-conversion emission [5], reducing the

efficiency of *l1a,—"l15 transition. Thus in order to avoid the promotion *l11— *F7p
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and increase the non-radiative relaxation to *I;3; level Ce®** and B,O3 were incorporated.

However, the shortening of *l11, lifetime with the Ce** and B,O; concentration is

accompanied by a rather pronounced simultaneous quenching of *l13, level. This effect

has been reported by different authors [6-12]. Interestingly, in our samples follow

different behavior and this effect will be discussed below.

3.2.1 NIR emission

The infrared emission spectrum (*lizz — *lis) of Er¥ in Yb*/Er**/Ce®* and

Yb*/Er®**/ B,O3 co-doped phosphate glasses are illustrated in Figure 3.1.
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Figure 3.1 Er** emission spectra in a)Er**/Yb**/Ce** and b)Er**/Yb*"/B,03 co-doped

samples

The eye safe emission peak is centered at 1.53 um with an spectral bandwidth of 38 nm

for both, Yb*/Er**/Ce** and Yb*/Er**/B** co-doped systems. The Ce** and B,O;
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concentration modifies the intensity of the signal increasing monotonically with the
increment of both ions and showing a maximum at 2.0 mol% and 1.5 mol%
respectively, see Figure 3.1a and 3.1b. It is also observed that at higher concentrations

the intensity decrease, as is show in inset curve of Figure 3.1.

3.2.2 Up-conversion emission

Three weak visible transition 2Haz, *Sss2, “Ferz — *l1512 centered at 526, 548 and
660 nm, respectively, were observed and are shown in Figure 3.2. This visible emission
is the result of well-know up-conversion process and, in this case, it depends on the
concentration of both Ce** and B,O; ions. The overall intensity of the upconverted

signal decreases monotonically with the increment of Ce** and B** concentration, see

Figure 3.2.
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Figure 3.2 Up-conversion emissions as a function of a) Ce** and b) B,O3 concentration.
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It is observed that the red emission is larger than the green one, partly because of
the high phonon energy of phosphate glass that depopulate the “I11/; level and partly by

the presence of Yb** that promote population to “Fgy,.

3.3 Physical mechanism

The physical mechanism that describes both weak visible and strong NIR
emissions may be described as follow. Er®*" ion, are excited by direct excitation from the
ground state (*l1s+ hv — “l1172) and by energy transfer from the Yb** that is also are
excited directly (?Fs;, + hv — °Fy;,) by the pumping signal. However, the most probably
mechanism is the energy transfer (ET) expressed as ‘*lisp(Er¥)+
2Fs0(YD¥ )= 110 (ErH)+2F72(YB®) and is due to the larger absorption cross section of
Yb** and the resonance between *Fs;, — 2F7, and *lis;2 — *l11s7 transitions of Yb** and
Er®*, respectively, as is shown in the energy diagram in Figure 3.3. Mostly of the *l11,
excited ions relaxes non-radiatively to *lis» level due to high phonon energy of
phosphate glass and from here relaxes to ground state producing the strong 1.53 um
emission band. A little part of the population was promoted to “F7, level by the ET from
the relaxation of another excited Yb** (*Fs; — 2F712) or Er** (*li, — “lisp) ion. The
ions in “Fyj, level decay non-radiatively to “Hi1;, and *Sz;, due to phonon energy. From
here only little part of the population decay to ground state producing the weak green
emissions centered at 526 and 548 nm. Most of population decay non-radiatively to *Fg/
level and subsequently partly decay radiatively to “l;s, producing the red emission
centered at 670 nm and partly decay non-radiatively to *lg;.. The enhancement of the
1.53 pm signal emitted with increment of Ce** concentration is explained in terms of
the increment of population on “*l13, band due to non-radiative transition “l1,—*l13,

promoted by the presence of Ce** according to the equation “li, (Er¥)+
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2Fo(Ce*) > 13 (Er*)+2F72(Ce®). That means the resonance between transitions

15— 13 of Er¥* and 2Fs;—7F, of Ce®* promotes the non-radiative decay of *li1

increasing the population of “lyz, level. The faster relaxation of *li1, reduces the

promotion of population to “S, *Fo, level of Er** that are also resonant with the 2Fs,

level of Ce*, see figure 3.3. The enhancement with B,Os is explained in terms of

increment of population of “I13, level as result of non-radiative relaxation produced by

increment of phonon energy. The overall result is a quenching of the up-converted

signal and an enhancement of the 1.53 um emitted. The mechanism proposed to explain

the signal emitted of co-doped glasses is well described in Figure 3.3.
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Figure 3.3 Energy level diagram of the Er**/Yb®*"/Ce** system and the mechanism

proposed to explain both visible and infrared emissions.

3.4 *1y3, Fluorescence lifetime in Er¥*/Yb*/Ce* and Er*/Yb*/B* co-doped

phosphate glasses.

The addition of Ce**to Er** doped samples increment the non-radiative transition

rate from “l11/, to *l13 level and reduce the green and red signal intensity, resulting on
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enhancement of 1.53 um emission intensity associated to *liz, — “lis transition.
However, it have been reported that the enhancement of such transition has an effect
adverse on fluorescence lifetime, this phenomenon has been observed in different
Er¥*/Ce** co-doped samples [6-9]. Interestingly in our samples (Er**/Yb*/Ce** and
Er¥*/Yb**/B** co-doped phosphate glasses) an opposite trend of fluorescence lifetime
was observed. Figure 3.4 shows the typical plot of decay time for different Ce** and B**
concentrations. The fluorescence decay time of all samples at 1.53 um emissions are
resumed in Table 3.2 and the behavior is shown in Figure 3.5. In our samples increase
from 8.2 to 8.9 ms when Ce,O3 increase from 0 to 1 mol % and then decrease to 8.5 ms
for 4 mol %. The increment on the decay time is the result of the increment of
population on “*ly3, level. The decrement on the decay time is the result of the
fluorescence quenching of Er** according to the equation “li3n(Er¥)+

4 | 13/2(Er3+)—>4l 15/2(Er3+) + 4|9/2(Er3+).

Table 3.2 *1,3, Fluorescence lifetimes as a function of Ce*" and B,03 concentrations.

Ce* content  “li3, (ms) | B*' content 11312 (M)
(mol%) (mol%)

0 8.2 0 8.2

0.5 8.7 1 8.44

1 8.9 1.5 8.64

2 8.75 2 8.44

4 8.5 4 7.99

6 7.8

For Er¥*/Yb*/B* system, the fluorescence lifetime of such transition increase
monotonically from 8.2 to 8.64 ms when B,O3 increase from 0 to 1.5 mol% and
decrease to 7.8 ms for 6 mol%. The increment is partly the result of optimization
population of *l;3, level and partly because B,Os is glass networks former, thus their

addition into phosphate glasses increase the solubility of Er*" avoiding the cluster
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formation that in turn avoids fluorescence quenching. The decrement is attributed to the
increment of high phonon that promotes non-radiative relaxation. Such radiation could
promote the cross relaxation according to the equation “*lyz(Er¥)+

4 | 13/2(Er3+)—>4l 15/2(Er3+) + 4|9/2(EI'3+).
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Figure 3.4 Fluorescence decay time of *lyz;, — “I15 transition for a) Ce** content and b)

B,O3 content.

In this process, two Er** ions are exited to *ly3, level interact. One Er** ion
transfer (donor) its energy to other (acceptor), resulting an acceptor to be promoted to
*I13» level while the donor is de-exited to ground state (‘lis,) non-radiatively. The
overall result is a depopulation of *l;3, level. This phenomenon has been reported

previously by different authors [13-15]. Experimental results indicate that the addition
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of Ce,03 ions has a better performance than B,O3; on the fluorescence lifetime and

emission intensity characteristic of Er**/Yb** co-doped phosphate glasses.
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Figure 3.5 Fluorescence decay lifetime of Er** (1.53 pm) as a function of, a) Ce* and b)

B,O3; concentration.

3.5 Quantum efficiency (QE)

Comparing the measured decay time with the calculated with JO theory, it is
possible to calculate the quantum efficiency for 1132 — s transition. It was
calculated by using the equation 2.10. The values of quantum efficiency for all
Er¥/Yb**/Ce®* and Er**/Yb*/ B,O; co-doped phosphate glasses are shown in Figure
3.6. The QE for *132—*152 transition has a similar trend that the observed for the
fluorescence lifetime of “l1, state. It can be seen that QE first increase from 82% to
90% when Ce,0O3 increase from 0 to 1 mol % and then decrease to 86% ms for 4 mol %.

And for B,Os, increase slightly from 82% to 87% with the increase of B,03
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concentration from 0 to 1.5 mol% and decrease significantly to 78% for 6 mol%, see
Figure 3.6. Notice that the more significant change occur for Er**/Yb*"/B,05 codoped
samples while for Er¥*/Yb®*/Ce®" system keeps almost constant. The QE decrement
with the increment of both ions and is consequence of the population on due to the
increment of phonon energy. The obtained values of quantum efficiency are higher than
the result reported recently for different phosphate glasses [16-17] and is excellent

candidate for the eye safe laser emission at 1.53 um.
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Figure 3.6 Quantum efficiency of “l.35, level of Er** for, a)Er**/Yb*/ Ce* and
Er¥*/Yb*'/ B,O5 co-doped samples.

Experimental results indicate that this new material is an excellent candidate for
laser application.
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CHAPTER 4

SELECTION OF TELLURITE GLASS COMPOSITION

This chapter is devoted to optical, chemical and thermo-mechanical properties of
tellurite glasses as function of alkali metals as network modifiers (R,O) and network
intermediates (MO). Several properties were measured, such as thermal expansion
coefficient (o), glass transition temperature (Tg), refractive index (n), transmittance,
chemical durability (DR), density (p) and the third-order nonlinear optical susceptibility

(#®) and the obtained results indicate that both R,O and MO affect greatly such
properties. Experimental results indicate that alkali metals with small ionic radii
improve chemical durability (DR), and mechanical («, p, Ty) properties, while
refractive index (n), third order nolinearlirity (#**¥), and density (p) increment. Lower
thermal expansion coefficient was obtained for Zn and Mg while the better chemical

durability corresponds to Pb and Zn.

4.1 Name of glass samples

The samples glasses were prepared from the starting chemical constituents,
tellurium oxide (TeOy), lead oxide (PbO), zinc oxide (ZnO), barium oxide (BaO),
magnesium oxide (MgO), lithium oxide (Li,O), sodium carbonate (Na,CO3), potassium
carbonate (K,CQO3), cesium carbonate (Ce,COs3) and rubidium carbonate (Rb,CO3) (all
from Aldrich 99.99% pure) according to the following composition: (70)TeO,-(20)MO-
(10)R,O where M = Pb, Zn, Ba and Mg and R= Li, Na, K, Rb and Cs. The samples
were prepared changing the compound of one of the alkali metal (R,O) keeping the

network intermediator constant (MO) for the four batches. The tag of glass samples and
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concentration in mol% are presented in Table 2.1 and the procedure to make glasses

was described in chapter 1.

Table 4.1 Name of tellurite glass and concentration (mol %)

Tag Te Pb Zn Ba Mg Cs Rb K Na Li
T11 70 20 10

T12 70 20 10

T13 70 20 10

T14 70 20 10

T15 70 20 10
T21 70 20 10

T22 70 20 10

T23 70 20 10

T24 70 20 10

T25 70 20 10
T31 70 20 10

T32 70 20 10

T33 70 20 10

T34 70 20 10

T35 70 20 10
T41 70 20 10

T42 70 20 10

T43 70 20 10

T44 70 20 10

T45 70 20 10

4.2 Experimental measurements

The density of each sample was measured by Archimedes method using water
distilled as immersion liquid. The samples were cut and then polished to 1 mm thick
slabs for different measurements. The chemical durability of the glasses with
dimensions 5 x 5 x 5 mm was evaluated from the weight loss in boiling deionized water
at 100 °C during 1 h. The refractive indices of the samples were measured at 632.8 and
1550 nm by prism coupler (Metricon, Model 2010). The glass transition temperature
(Ty) and the coefficient of thermal expansion (CTE) were carried out using a thermo-

mechanical analyzer (TA Instruments, TMA 2940) at a heating rate of 10 °C/min in the
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20-380 °C temperature range. The transmission spectrum of MO-R,0O-TeO, glasses
were measured using two spectrophotometers one in the range from 300 to 2000 nm
(Carry 500 UV-Vis-NIR) and other from 2000 to 8000 nm (Spectrum BX FTIR from
Perkin Elmer) with a resolution of 1 nm. The third-order nonlinear optical susceptibility
was studies using the THG-maker fringes technique at near infrared wavelengths. All

the optical measurements were performed at room temperature.

4.3 Coefficient of thermal expansion (CTE) and glass transition temperature (T,)
A representative measured thermal expansion and T curves for glasses is shown

in Figure 4.1. The coefficient of thermal expansion was measured from the slope in the

30-300 °C range, while the glass transition temperature was determined from the change

of slope on dimension change versus temperature plot.

351 A
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/" Glas transition (Tg)
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Figure 4.1 Coefficient of thermal expansion range (green line) and glass transition

temperature (red line) curve.
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The behavior of CTE for the twenty glasses was plotted in Figure 4.2. These

9,9,€°

glasses were analyzed as function of field strength calculated as F = ( 2
I+,

, Where qc

and g, are the valence of cation and anion respectively, e is the electron charge, r. and r,
are the ionic radii of cation and oxygen, respectively. The values of both field strength

and ionic radius of alkali metal and network intermediate are listed in Table 4.2.

4.2 Cation field strength [1] and ionic radius [2] of modifiers.

Cation  Field Strenght (10™° esu/cm?) lonic radius (A)

Li 0.23 0.76
Na 0.19 1.02
K 0.13 151
Rb 0.12 1.61
Cs 0.11 1.74
Mg 0.45 0.72
Zn 0.44 0.74
Pb 0.30 1.19
Ba 0.24 1.42

These values are in the range from 224 x 107 °C™* to 158 x 107 °C™*, showing a
trend to decrease with the decrement of ionic radii, see Table 4.3. For alkali metal
decrease from Cs to Li through Rb, K and Na while network intermediator decrease
from Ba to Mg through Pb and Zn for all glasses. This behavior indicates that a decrease
in the strength of cationic field (and then larger ionic radii) results in the observed
increase in the coefficient of thermal expansion. CTE is controlled primarily by the
interaction of cation with nonbridging oxygens [3]. Since Li and Mg from group IA an
I1A of periodic table, have the highest cation field strength, it is expected that Li,O-
MgO-TeO, glass could provide the lowest thermal expansion, see figure 4.2. The
obtained values of CTE in this work are lower than 200 x 107 °C™ to 300 x 10" °C™*

measured from 50 to 200 °C reported in phosphate by other authors [4].
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Figure 4.2 CTE as function of Field Strength.

On the other hand, the glass transition temperature (Ty) shows an opposite trend
to coefficient of thermal expansion. This parameter increases monotonically with the
decrease of ionic radii of alkalis for four batches, see Figure 4.3. It increases from Cs to
Li in a range from 277 to 306 °C, 295 to 335 °C, 311 to 347 °C and 352 to 373 °C for
series T1 (Pb), T2 (Zn), T3 (Ba) and T4 (Mg), respectively. The decrement was
associated to very large ionic radii and consequently small field strength of Cs.
However when Cs was replaced by Li through Rb, K and Na the ionic radius decrease
and in consequence the field strength becomes greater. Thus, the Li-O bonds in the
glass network are stronger and then Tg will be increased. It is not completely clear the
relationship of Tg with intermediate ion. Apparently it increases with the decrement of
ionic radius, however there is a different behavior of Ba suggesting the presence of an

additional mechanism, see Figure 4.3.
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Figure 4.3 Glass transition temperatures (T) as a function of ionic radii.

4.4 Chemical durability

Good chemical durability is a very important parameter to make high quality
optical fiber. Under normal conditions of operation glasses should not exhibit any
noticeable degradation caused by environment. For this reason, good chemical
durability is a critical requirement. The chemical durability of R,O0-MO-TeO, glasses
was determined from measurements of their dissolution rate (DR) in boiling water. A
small value of DR indicates a good chemical durability, while a large value indicates
poor chemical durability. For the measurements of the weigh loss per surface area,
samples were cut and polished with a dimension of 5 x 5 x 5 mm. Then, were carefully
weighed and placed in a baker with 200 ml of deionized boiling water. After 1 h,
glasses were removed and washed with acetone, subsequently were dried in a furnace at
80 °C for 1 h and weighed again. All measurements were made in duplicate and the
averages of two values are shown in Table 4.3. The dissolution rate (DR) of glasses

were determined using the relation
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DR = AW/(S -t) (4.1)

where AW is the difference in the initial and final weight, t is the time of glasses

immersed in water and S is the total surface area of the cube calculated by

S=6a 4.2)

The behavior of DR as a function of field strength of alkali metals is shown in
Figure 4.4. DR for glasses decrease monotonically with the increment of field strength,
from Cs to Li through Rb, K and Na. However, no specific trend as function of field

strength was observed for network intermediate.
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Figure 4.4 Dissolution rates of tellurite glasses as a function of alkali metals.

DR decrease from Mg to Zn through Ba and Pb, but in all cases chemical

durability was improved when Cs was replaced by Li. In fact, DR is 2.5, 3, 3.5 and 4
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times bigger for R,0-ZnO-TeO,, R,0-PbO-TeO,, R,0-BaO-TeO, and R,0-MgO-TeO,
glasses, respectively, see Table 4.3. Li has high field strength and Li-O bonds are

stronger, in consequence the chemical durability of R,0-MO-TeO; glass is greater.

4.5 Transmission spectra of tellurite glasses

The transmission spectra of a few representative glass compositions was
measured with two different experimental setup over a spectral range from 0.3 to 2.0
um and 2 to 8 um, as is shown in Figure 4.5. All samples present good transparency in a
range from 0.35 to 6.4 um depending on the glass composition. Figure 4.5a shows the
UV transmission cutoff of R,0-PbO-TeO, glasses being centred around 360 nm. No
significant change was observed in the Acuorr With the replace of alkali metals. Only a
slight shift (10 nm) on Acuwotr Was observed by the substitution of different alkali metals
and 25 nm for different intermediate. This indicates that Acuor depends mostly of the
network intermediate. Notice that theses glasses have low UV transmission in

comparison with phosphate and borate glasses indicating weak Te-O bond [5].

The cut-off in the IR range is shown in Figure 4.5b. The Ao Was shifted from
6.170 to 6.410 um when Mg was replaced by Pb through Ba and Zn. That means, Acuioff
was shifted to larger wavelength by increasing the molecular weight of the intermediate.
Just by introducing the right network intermediate, a 240 nm broad bandwidth in the
transmission spectra is observed. On the other hand, no significant change was observed
when the alkali metals were replaced one by one. This indicates that intermediate
dependence of IR Acuorr IS Stronger than alkali metal. Figure 4.5b shows a strong
absorption band at approximately 3290 nm, which is associated to OH-group stretching

vibrations, as well as a weaker band at 4248 nm.
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Figure 4.5 Transmission spectra for a) visible and NIR nm and b) MIR wavelength.

4.6 Refractive index and density of MO-R,0-TeO,

The measured values of refractive indices as function of ionic radii are shown in
Figure 4.6, measured at 632.8 nm and 1550 nm. It can be seen that refractive index
increase from Cs to Li for the four batches, in a range from 1.9705 to 2.0626, 1.8817 to
1.9728, 1.8603 to 1.9375 and 1.8598 to 1.9379 for R,0-PbO-TeO,, R,0-ZnO-TeO,,
R,0-Ba0-TeO, and R,O-MgO-TeO, glasses respectively, see Table 4.3. The results
show that highest values of refractive index were obtained when lithium was
incorporated into the tellurite glass. The observed trend is an increment of refractive
index with a decrement of the ionic radii or an increment of field strength. Notice that
such effect depends on the intermediate ion being more pronounced for PbO and ZnO,
but diminish for BaO and MgO. It is clear that by modifying the glass composition is

possible to increase or decrease the refractive index, such dependence indicates the
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importance of the right glass composition of both modifiers. The difference of refractive
indices is very useful as core and cladding glasses for optical fiber fabrication.
However, core and cladding glasses must have similar thermal properties in order avoid
crystallization when preform is drawing. In our case, T22-T14, T34-T41 and T35-T43
samples have similar thermal properties (Ty and coefficient of thermal expansion) and
also keep the difference of refractive indices that make those glasses ideal for optical

fiber fabrication.
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Figure 4.6 Refractive indices as a function of ionic radii at a) 632.8 nm and b) 1550 nm.

The linear refractive index (n) is related with the electronic polarizability (ce)

and molar volume (V) by the Lorentz-Lorenz equation [4]

47zNA&

1+2
3 Vv

n= —47zNA& 4.3)
3V
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where Na stand for the Avogadro’s number. This equation indicates that refractive
index increases as the term o./Vy, increases. Since the polarizability increase with the
ion size, it is expected that, for group IA of periodic table the refractive index should
increase with increasing atomic number from Li to Cs. However, the experimental data
shows an opposite trend, the index increases from Cs to Li. Such behavior suggests that
the molar volume increases faster than electronic polarizability and as consequence the
term o/Vy, diminishes. This explains why the refractive index is largest when Li is
incorporated into tellurite glass. Such behavior has been reported previously for

phosphate glasses [1].
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Figure 4.7 Density of tellurite glasses introducing several modifiers.

Figure 4.7 shows the density for all the samples under study. Those values are in
the range from 5.35 to 5.75, 4.73 to 5.07, 4.78 to 5.09, 4.47 to 4.79 g/cm?® for the series
T1, T2, T3 and T4, respectively, see table 2. It is observed that density decrease by

reducing the ionic radii of the alkali metals, Li, Na and K. Such trend has been reported
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for phosphate and silicate glasses [6]. However, density increases with the introduction
of Cs and Rb. The reason for this anomalous behavior is not clear at this stage. One
possible explanation of this phenomenon is based on the fact that decomposition
temperature of Cs and Rb is lower than that of K, Na and Li. Probably, both Cs and Rb
are decomposed and evaporated due to the high melting temperature used.
Consequently, when the glass is solidified Te-O and M-O bonds are larger than R-O
bonds producing an increment on glass density. More experiments are in progress to

elucidate this point.

4.7 Third-order nonlinear optical susceptibility ( )

The third-order nonlinear optical susceptibility y® for the MO-R,0-TeO;

glasses were measured by the well-known third harmonic generation (THG) method [7-
12] with nanosecond excitation at 1550 nm. THG is a coherent four photon process in

which three photons with angular frequency  create one photon with tripled frequency
3w through a material medium polarization. In this method »® was calculated from the

THG output intensity measured as a function of angle of incident beam respect to the

normal of surface sample, detail of experimental setup can be found elsewhere [13].

7 was calculated by the expression

3 3

3) 3) I-C,Si02 |3a),SampIe\/ Tw,Si02 'T3(u,Si02 \/nw,Sample'nE}w,SampIe

A sample (8w, 0, 0,0) = Asio, L | T3 T e

C,Sample 3w,Si0, ,Sample * ' 3w,Sample ,Si0, 'an,SiO2

(4.4)
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Here, Lc, sample and | represent the coherence length and the intensity of

3w,Sample

the third harmonic generation for the sample, respectively. L., and I,, o are the

corresponding parameters for fused silica used as a standard sample. The value of

Le 5o, =14.7 pm at 1550 nm was used for all calculation performed. 4§ =3.1x107"

esu (dispersion of nonlinearities in fused silica was ignored) was used as a reference for

nonlinear susceptibility. The coherent length of the sample L was determined

C,Sample

by L, =’17‘”, where /1, is the incident beam wavelength, ns, and n,

s 6(n,, —n,)
represent the linear refractive indices at 517 nm and 1550 nm, respectively. T3, and T,
represent the apparent transmittance including the reflection loss at the surface. The
calculated values of third-order nonlinear optical susceptibility are listed in Table 4.3

and the behavior as function of polarizability is shown in Figure 4.8.
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Figure 4.8 Third-order nonlinear optical susceptibility 3 for R,0- MO-TeO, glasses
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All samples under study present an increment of »® as polarizability and ionic
radii decreases, from K, Na and Li. Values range from 4.81 to 7.17 x 103 esu, 4.35 to
6.86 x 10*® esu, 4.06 to 7.02 x 10™ esu and 3.28 to 13.1 x 10™** esu for series T1, T2,
T3 and T4, respectively. These results are in good agreement with data previously
reported for various tellurite glass compositions, smaller than 8.2 x 10™ esu and 12.8 x
10" esu measured at 1500 and 1900 nm, respectively [14-15]. Notice the little
fluctuation of »® for Cs and Rb. Apparently nonlinearity diminish from K to Rb but
increase for Cs. Such behavior is similar than the observed for density. The value
obtained for Cs in T3 series is much larger than other series. Probably, such deviation is
associated with some surface irregularities of the sample that is well-known affect

strongly the nonlinear calculation.

Since the refractive indices of tellurite glasses increase from Cs to Li (section

3.1), it is expected that y* increases with the increment of linear refractive index [16].

Unfortunately, it is not possible to establish a direct relationship between »® and n,.
However, preliminary results obtained by z-scan technique confirm such trend, i.e., an
increment of »® produce an increment of n,. Furthermore, it presents a positive
behavior that promotes the self-focusing. Non-linear refractive index is an important
parameter to be considered in laser application in order to prevent spatial intensity
fluctuations and self-focusing. These effects degrade the beam focal spot, reduce the
focusable power of the laser and increase the risk of laser-induced damage [17-18]. On
the other hand, because the power in optical amplifiers is lower than in laser operation

such non-linear effect should be negligible. However if the n; is high, then such non-
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linear effects must be considered. In general, n, should be as low as possible to avoid

undesirable effects.

Table 4.3 Coefficient of thermal expansion (CTE), dissolution rate (DR), refractive
index (n), density and third order nonlinear optical susceptibility ( ) of various R,O-

MO-TeO, glasses.

Code CTE DR Density n 7@
(C7107) (10"g/em’min™) (g/lem’) 632.8nm 1550 nm (103 esu)
T11 224 5.562 5554 20626 20071  7.18
T12 212 3.734 5490 20306 19758 552
T13 201 3.733 5354 19919  1.9404 481
T14 196 1.88 5454 19817 19306  5.04
T15 180 1.84 5574 19706 19229 7.0
T21 215 3.725 4984 19728 19276  6.86
T22 202 3.566 4874 19337 18914  4.69
T23 193 2,813 4736 19007  1.862 4.35
T24 187 1.882 4806  1.8834 1845 3.81
T25 160 1.806 5079 18817 18432 405
T31 217 12.68 4733 19375 18954  7.02
T32 211 9.312 4625 19049 18637  6.11
T33 207 9.343 4479 18729 1835 4.06
T34 192 5.632 4727 18663 18289  3.83
T35 180 3.761 4794 18603 18251  4.02
T41 191 14.61 5035 19379 18945 1312
T42 188 11.37 4928 18994 18611  4.80
T43 183 7.360 4784 18718 18335  3.28
T44 178 5.603 4990 18602 18225  3.10
T45 158 3.761 5097 18598 18225  3.24

Based on the experimental results obtained from the systematic characterization
of R,O-MO-TeO, glasses it is concluded that optical, chemical and thermo-mechanical
properties of tellurite glasses are strongly influenced by the introduction of alkali metals
and network intermediates. The introduction of such ions modifies the glass network
and as consequence their properties. Low coefficient of thermal expansion, good
chemical durability, wide transmission region and high density were obtained by

choosing adequately the glass composition. Some properties were improved but others
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were reduced. Then, it is necessary to make a compromise of desired properties and

then defines the glass composition.
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CHAPTER 5
SPECTROSCOPIC PROPERTIES AND ENERGY TRANSFER OF Er¥/Yb®*

CO-DOPED TELLURITE GLASSES

In this chapter, it is reported the spectroscopic properties of Er**/Yb** co-doped
tellurite glasses. Emission characteristics and fluorescence lifetimes at visible (525, 546
and 656 nm) and infrared (1.53 pm) region as a function of Er** and Yb** concentration
have been measured. The addition of Yb*" to Er** doped tellurite glass enhances greatly
the green emission, which can be observed with the naked eye. The Judd-Ofelt and
quantum efficiency in infrared and visible up-conversion emissions was calculated. The
stimulated emission cross section (ECS) for *l13,—"115 transition was higher at low
Er®* concentrations, being the maximum value 1.0 x 10%° c¢m? for 0.10 mol% of Er®*
with 0.5 mol% of Yb**. The energy transfer efficiencies (ET) from Yb*" to Er** (*Fs,) +
(*11512) — (*F712) + (*l132) changing the Er** and Yb** concentration were calculated. The
maximum ET obtained were 66% for 0.75Er**/0.5Yb*" and 69% for 0.5Er*"/4.5Yb*".

Results indicate that ET depends mostly on Er** rather than Yb** concentration.

5.1 Preparation of Er®*/Yb** codoped tellurite glass

The glass composition used was 70Te0O,-20Zn0O-5Li,0-(5-x-y)La,O3-XEr,03-
yYb,03 (x = 0.10, 0.15, 0.30, 0.5, 0.75 at y=0.5and y = 1, 2, 3, 4.5 at x=0.5), all the
concentration in mol %. The samples were prepared from the starting chemical
constituent tellurite oxide (TeO,), zinc oxide (ZnO), lithium carbonate (Li,CO3), erbium
oxide (Er,0s), ytterbium oxide (Yb,0s3), and lanthanum oxide (La;O3). The glass

fabrication, annealing and different measurements has been described in chapter 1 and
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section 2.2. The tag of samples glass with both ions concentration Er** and Yb** are

show in Table 5.1.

Table 5.1 Name of Er¥*/Yb** co-doped tellurite glasses.

Tag Er¥*/Yb® (mol %)

TEYO0105 0.10/0.5
TEY02505 0.25/0.5
TEY03505 0.35/0.5
TEYO0505 0.5/0.5
TEY07505 0.75/0.5

TEYO051 0.5/1

TEY052 0.5/2

TEYO053 0.5/3
TEYO0545 0.5/4.5

5.2 Judd-Ofelt parameters (J-O) of Er®*/Yb®*" co-doped glasses

From the absorption spectrum of Er**/Yb*" co-doped tellurite glasses, ten bands
were considered to predict the Judd-Ofelt parameter (J-O), see Figure 5.1. The complete
procedure to obtain the J-O parameters and some spectroscopic properties in tellurite

glasses have been described in chapter 2 [1-3].
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Figure 5.1 Absorption spectra of Er**/Yb®" co-doped TeO,-ZnO-Li,0- La,0s glass.
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The values of such parameters and the root mean square deviation for Er**/Yb**

co-doped tellurite glasses under study are, €,=6.56 x 10%° cm?, €,=1.60 x 10 cm?

and Qg=1.44 x 10° cm? with RMS= 0.142 x 10%° cm?. The calculated values were

performed with an accuracy of +10 %. The obtained JO parameters follow the typical

behavior Q,>Q,>Q¢ reported for tellurite glasses and are in agreement with results

reported recently for various glass compositions as shown in Table 5.2.

Table 5.2 J-O parameters for various tellurite glass composition.

Glass composition  Q, (10 cm?) Q4 (10%cm?) Q¢ (10°° cm?) Ref.
TeO,-Zn0O-Na,O 5.98 1.32 1.47 1
TeO,-Nb,05-Na,O 6.86 1.53 1.12 4
TeO,-WO3-Bi,03 6.06 1.57 0.95 5
Te0,-Zn0O-K,0 5.95 2.06 1.07 6
TeOz-BaO-La203 6.31 1.76 1.05 7
TeO,-WOs-BaO 6.64 1.45 0.96 8
TeO,-Zn0O-Li,0 6.56 1.60 1.44 This work

Once the JO parameters are known, several spectroscopic properties can be

calculated, such as the radiative decay probability (Arg), radiative lifetimes (trag),

branching ratios ( ) and spectroscopy quality factor (), see Table 5.3. The parameter y

=Q4/Q¢ was found to be 1.11 and is in agreement with results reported by other authors

[4, 9].

Table 5.3 Calculated radiative decay rates, branching ratios and radiative lifetimes of

Er®* ion in Er¥*/Yb** codoped tellurite glass.

Transition  Ay(sh) By Trad (MS)
*iae— 15 263.4 1.00 3.80
Mro— s 350.8 0.90 2.56

132 40.1 0.10
Hoo—"l1ss2 303.6 0.73 2.40
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13 112.9 0.27

laas 0.6 0.00
*Fon—"l157 2917.0 0.90 0.308

l1ap 144.9 0.04

111 170.3 0.05

Lo 10.6 0.00
4S30—" 157 2650.9 0.67 0.252

13 1089.2 0.27

111 85.1 0.02

*lorz 136.7 0.03

*Fo 15 0.00
Hyyp—"lis,  17199.2 0.96 0.055

13 287.6 0.02

1172 168.0 0.01

o 253.4 0.01

*For 63.6 0.00

434 0.1 0.00
= isp 6575.0 0.79 0.012

o PP 972.1 0.12

i1 497.8 0.06

o 305.0 0.04

For 14.9 0.00

4Sa 0.1 0.00

2Hy1pn 2.2 0.00

5.3 Absorption (ACS) and emission cross-section (ECS) as function of Er** and
Yb** concentration.

Cross sections quantify the ability of an ion to absorb or emit light, large
emission cross section means high gain coefficient and low threshold energy of laser
pump. Thus, in order to obtain the best performance of laser and optical amplifiers, it is
necessary to obtain the stimulated emission cross section as high as possible. The
absorption cross-section of the *l13p—"li5» (1.53 pm) transition of Er** has been
determined from the absorption spectra of Er¥*/Yb* co-doped tellurite glass, using the

equation

-, :2.303Iog(lo/l).
NL

(5.1)
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where log(l,/1) is the optical density, L is the sample thickness and N is the

concentration of Er** ion. The stimulated emission cross section is obtained according

to the McCumber theory from the expression [10].

c.(v)= o, (v)exp[(s —h(c/2)) /KT] (5.2)

where v is the photon frequency, ¢ is the net free energy required to excite one erbium
ion from the I35/, to the *I13,, level at temperature T, h is the Planck’s constant, k is the
Boltzmann constant and ¢ is the light velocity in the vacuum. ¢ = 6550 cm™ was
estimated by using the approximation e=E,+21E,-28E; [11]. In this case, three basic
assumption are considered, 1) the Stark levels for a given manifold is equally spaced,
Eij=(-1)E; with a degeneracy equal to 7 and 8 for 13 and *115, respectively; 2) Eq is
the energy between the two levels and was calculated taking the average between the
absorption and emission peaks; 3) E; and E; are calculated measuring the half width
energy calculated from the wavelength peak to the point where signal decreased to 5%.
Both ACS and ECS were calculated as a function of Er** and Yb** concentration. It was
made by changing the concentration of one ion keeping the other one constant and
analyzed the effect on the emission cross section. The values of both, absorption and
emission cross section as a function of Er** and Yb*®" concentrations are shown in
Figure 5.2. The ECS increase from 9.25 (TEY07505) to 10.2 x 10 cm? (TEY0105)
when Er,0; decreased from 0.75 to 0.10 mol %, see Figure 5.2a. For Yb**
concentration, it first increase reaching the maximum 9.71 x 10** cm? (TEY053) at 3
mol % of Yb® and then diminish to 9.52 x 10%* cm? for higher concentration

(TEY0545), see Figure 5.2b. The calculated values of stimulated emission cross section
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are in agreement with results reported recently [4] and are higher than the values

reported for silica (7.9 x 10 cm?) [12] and phosphate glass (6.8 x 10%* cm?) [13].
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Figure 5.2 Emission cross section of Er** in Er**/Yb*" co-doped tellurite glass as a

function of a) Er*" and b) Yb** concentration

5.4 Fluorescence characteristic of Er**/Yb** co-doped tellurite glass
5.4.1 Infrared and up-conversion emission

The well-known near infrared (NIR) emission (*lisz — *l1s2) of Er** in the
Yb*/Er®* co-doped tellurite glasses was centered at 1.532 um with a spectral bandwidth
ranging from 51 to 71 nm, depending on the concentration of both ions, as shown in

Figure 5.3. That means an increment of up to 18 nm in the bandwidth by just controlling
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the ion concentration. The obtained results show a continuous increment of the

bandwidth from 51 to 65 nm and from 53 to 71 nm by increasing the Er** and Yb**

concentration respectively. Notice that lower changes concentration of Er** produces

almost similar bandwidth broadening than higher change concentration of Yb*". The

increment of bandwidth is explained in terms of site distribution and radiation trapping

of Er¥* ions [14-15].
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Figure 5.3 FWHM as a function of a) Er’+ and b) Yb®* concentration.

The ion concentration also modifies the intensity of the signal thar increase

monotonically with the increment of Yb®" and presents a maximum at 0.5 mol% of Er®*

ion as is indicated in Figure 5.4. Such dependence clearly indicates the importance of

the right concentration of both ions, in particular the important role of as Yb®* sensitizer.

The concentration of both ions should be appropriate in order to minimize the up-
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conversion emission and non-radiative processes due to cluster formation. Both
phenomena reduce the fluorescence lifetime of *l13; level, which leads to a decrease of
the laser efficiency. Additionally larger concentrations of sensitizer ion help to disperse
Er* ions and enhance its excitation. However, it also enhances the up-conversion
emission, which present stronger dependence at high pump powers and this effect is
much more pronounced for larger concentration of dopant. In addition, it has been
demonstrated hat higher concentrations of Yb** induce an increment of heat that induce
a deleterious effect on the laser efficiency. Those results suggest the use of higher

concentration of ions for amplifiers and lower concentration for laser devices [16].
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Figure 5.4 Intensity at 1.53 um band as a function of Er** and Yb** concentration

In addition to the 1.55 pum signal emitted, three strong visible bands green (*Hi1/,
— 1152 and *Sz, — “*l152) and red (“For2 — “l1s2) centered at 526, 548 and 660 nm,
respectively, were observed and are shown in Figure 5.5. The visible emission is the
result of the well-known up-conversion process and it depends on the concentration of

both Yb* and Er** ions. However, because Yb*" exhibits a large absorption cross
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section and broad absorption band between 850 and 1080 nm compared to the weak
absorption of Er** ion, more ions are excited to “F7, level. The overall result is the
increment of population in the level *Hyy, and “Sg, of Er**, as a consequence the

luminescence intensity is stronger after relaxation to ground state such as observed in

Figure 5.6
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Figure 5.5 Up-conversion emission for, a) Er**/Yb*" (x/0.5 mol%) and b) Er®**/Yb3*

(0.5/y mol%).

The results show that the overall intensity of the upconverted signal increases as
Yb** concentration increase from 0.5 to 4.5 mol% and with the Er** concentration first
increase from 0.10 to 0.25 mol% and then decreases as Er** increase such as is shown in
the inset of Figure 5.5a and 5.5b respectively. The increment is explained in terms of
the energy transfer efficiency due to the increment of donors while the decrement of
signal is presumable due to quenching effect of acceptors. Both visible bands increase
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but the red one increase faster as is shown in the inset of Figure 5.5a. This behavior is in
agreement with other reports where the red band increases with the increase of Yb**
concentration [17-18]. The visible emissions are relaxation pathways contrary to
pathway associated to 1.53 um emission, and then the enhancement of the former is
deleterious to the very important emission associated to the optical fiber communication

window.

Figure 5.6 Photograph of the green up-conversion fluorescence for a) Er** doped and b)

Er¥*/Yb3* co-doped tellurite glass.

The integrated upconverted (lyyc) signal was plotted as function of the pumping

power (Ipp). Experimental data were fitted by the expression 1. =kl where n denote

the number of photons involved in the process and k is a proportionality constant.
Figure 5.7 shows such behavior for 0.5 of Er** with lowest (0.5 mol%) and highest (4.5
mol%) concentration of Yb3* ions, in both cases n~2 for green and red bands. This
value is the indicative of the involvement of two photons in the excitation process of
Hy1s, *Sao and “Fp2 levels. In order to justify the decrement of n, from 1.8 to 1.6 in
Figure 5.7b, we suggest it is an enhancement of the red band, that is produced by the

cross relaxation process, Er**(°Hiy) + Er¥*(*lisn) — Er*(los) + Er¥ (“lisp).
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Figure 5.7 Pump power dependence of green and red emission for a) 0.5Er**/0.5Yb*

and b) 0.5Er*/4.5Yb* (mol %).

5.4.2 Mechanism analysis of Er**/Yb** codoped tellurite glass

The physical mechanism describing both visible and NIR emission is as follows.
Er®" ion (acceptors) are excited by the energy transfer from the Yb®" (donor) that are
excited directly (*Fs;, + hv — F752) by the pumping signal. In all cases direct excitation
of Er** from ground state (*l1s, + hv — *l1155) is also possible, however energy transfer
is most probable due to the larger absorption cross section of Yb** [19] and the
resonance between the transitions of Yb** (*Fs; — 2Fu12) and Er** (*lisi; — *l1s2) ions,
as is shown in the energy diagram of Figure 5.8. Partly of the *l,1,, excited ions relaxes
non- radiatively to *l,3 level and from here relaxes to ground state producing the 1.532
um emission band. Another part is promoted to “Fr level by the energy transfer

according to the equations Yb** (*Fsu)+Er¥(*li)—Yb* CF7)+Er¥ (*F7) and
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Er¥* (*lia)+Er¥* (i) —Er** Clusp)+Er* (*F72). The ions in “F7, level decays non-
radiatively to *Hiy, + “Ss due to phonon energy. From here, most of the population
decay to ground state producing the green emissions centered at 526 and 548 nm. And
partly decay non-radiatively to *Fo;, from where they decay to ground state (‘*Fg, —

*I1512) producing the red emission centered at 670 nm.
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Figure 5.8 Energy diagram of the Er**/Yb** system and the mechanism proposed to

explain both visible and infrared emission.

This visible band is also enhanced by increasing the concentration of both donor
and acceptors. In this case, part of the population in the *l33, level is promoted to *Fgy
by the energy transfer from another donor Yb* (*Fsy) + Er**(*lizn) — Yb** (CFrp)+
Er¥*(*Fg). The enhancement of the red band with Er** concentration is explained in
terms of the increment of population of I3, due to cross-relaxation process Er**(*His/)
+ Er¥* (*lia) — Er¥*(*lor) + Er¥*(*l13). And the enhancement with Yb** is explained in

terms of the energy transfer from donor to acceptors due to the high concentration of
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donors, see Figure 5.8. The mechanism proposed to explain the signal emitted of co-

doped glasses is well described in Figure 5.8.

5.4.3 Fluorescence lifetime of S, *For, and *113levels

Fluorescence lifetime 1.53 um is an important parameter for optical amplifiers
and laser applications. Long lifetime of the *1;3/, level permits high stored energy while
a low value degrades the laser performance. Thus, in order to obtain the maximum value
and choose the best concentration, lifetime were measured as a function of both ions
Er** and Yb** concentration. Figure 5.9 shows typical plot of decay time for different
concentrations for each signal emitted. The fluorescence decay time of all samples
under study for green (560 nm), red (670 nm) and NIR (1.532 um) emissions are
resumed in Table 5.4. The fluorescence decay time of *l13, — *l155, transition increase
from 4.00 to 4.23 ms when Er’* increase from 0.10 (TEY0105) to 0.35 mol %
(TEY03505) and then decrease to 3.69 ms for 0.75 mol% (TEY07505), see Figure 5.9a.
The increment in the fluorescence lifetime of “liz, level is the result of the
concentration optimization of the acceptor and the decrease is the result of the
fluorescence quenching of Er** due to cluster formation provided by the higher
concentration. The stand is explained by differential site occupancy [20]. Additional
explication for the increase in lifetime is radiation trapping effect. In this phenomenon,
photons that are spontaneously relaxed from the “l13, level are re-absorbed by the
neighboring ions in the ground state (*l;s;, level). This process of re-absorption and re-
emission is repeated several times and the overall result is an increasing in the lifetime
in comparison with a single ion. This effect is more pronounced with the sample size,
refractive index and spectral overlap between fluorescence and absorption [21]. On the

other hand, the fluorescence lifetime of such transition increase monotonically from
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4.60 to 6.90 ms when Yb®*" increases from 1.0 (TEY051) to 4.5 mol% (TEY0545), see
Figure 5.9a. This is partly the result of the higher concentration of sensitizer and the
better excitation process of Er** via the energy transfer from Yb*", as has been reported
previously [22]. And partly is the result of a better dispersion of Er** avoiding cluster

formation that in turn avoids fluorescence quenching.
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Figure 5.9 Fluorecence decay time as a function of Er** and Yb** concentration of a)

4|13/2, b) 4F9/2 and C) 433/2 levels.
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The ionic radius of Yb*" ions is similar to that of Er** ions, as consequence Yb®**
ions can act as a disperser, occupying the position close to Er** ions. And it may lead to
an increase of the average distance of Er**-Er®" ions, that in turn reduce the cluster
formation. The measured lifetime confirm that the effect of concentration quenching of

*l132 level decrease with an increase of Yb*" in this glass host.

Table 5.4 Fluorescence lifetime and quantum efficiency as function of Er** and Yb**
concentration.

Er/Yb Fluorescence lifetime Quantum efficiency (%)
(mol %) “Sar2 (15) “For (US) "Lz (ms)  “Sap For  “lan
TEY0105 160 194 4.01 63 67 100
TEY02505 153 163 4.21 61 55 100
TEY03505 138 155 4.23 55 51 100
TEY0505 114 132 4.02 45 42 100
TEYO07505 80 126 3.69 31 40 96
TEYO051 135 160 4.58 91 56 100
TEY052 111 147 4.78 76 52 100
TEY053 105 129 6.46 71 46 100
TEY0545 82 128 6.89 55 45 100

The fluorescence decay time of *Fg; and *S, levels decreases as both Er** and
Yb*" concentration increase. For *Fg), level, decreases from 194 to 126 us and 160 to
128 ps for Er** and Yb** respectively. And for S level decrease from 160 to 80 s
when Er** increase from 0.10 (TEY0105) to 0.75 mol% (TEY07505) and 135 to 82 ps
when Yb®* increase from 1.0 (TEYO051) to 4.5 mol% (TEY0545), such as is shown in
Figures 5.9b and 5.9c. Comparing the measured decay time with the calculated with JO
theory, it is possible to calculate the quantum efficiency for the three observed

transition. It was calculated by using the equation

n= z-mea /Trad (53)
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The values of quantum efficiency for all Yb**/Er®* co-doped tellurite glass are
listed in Table 5.4. The QE for *Ss;, — *l1s2 and *For, — 115, transitions decrease with
the increase of Er®" and Yb®" concentrations, while the 113, — *l15 transition is 100 %

for almost all samples with an exception of TEY07505.
5.5 Energy transfer efficiency of Yb**/Er®* doped tellurite glasses

The fluorescence lifetime (z7) is related with the radiative decay rate (Ag) and

non-radiative decay rate (Ang) by the equation [23]

1
- = AR + ANR = AR +WMP +WCR +WET (5-4)

Ty

where Wyp is the multiphonon decay rate, Wecr is cross relaxation rate and Wer is energy
transfer rate. In the absence of Er** ions (acceptors), Wer is zero and 7 becomes z,

which is the fluorescence lifetime of Yb** ions (donor). Thus equation 5.4 is given as

1
S = AW, + W, (5.5)

From equation 5.5 and 5.4

1 1
— =~ Wyp =Weg +Wyp +Weg +Wer (5.6)

Ty Ty

Thus Wer is obtained by the equation
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(5.7)

where 7, and r,is t is the measured lifetime of *Fs, level of Yb®* in the presence and

absence of Er**. Finally the energy transfer (ET) efficiency from Yb** to Er®,
Yb¥ CFs)+Er* (*lisp)— YO (F72)+Er¥*(*li,) can be evaluated by using the

expression.

rWe =p=1-"" (5.8)

The ET efficiency increase from 36% to 66% by increasing the Er**
concentration and from 56% to 69% by increasing Yb** ions, see Figure 5.10. This last
value is in agreement with other reports published recently [24]. The obtained results
show that the major changes in ET efficiency occur by increasing the Er** concentration
(acceptors). One possible explanation of this phenomenon is as follow. Because the
absorption cross section of Yb** (*F7, — *Fs) is much larger than that of Er** (*15, —
*I1112), mostly all the absorption energy is taken for donors (Yb**). Thus, there are much
more free donors than acceptors (Er**) to make the ET. However with the increment of
Er®" concentration, the probability of Er** to absorb the energy from Yb*" become
higher and consequently the ET efficiency will be increased. The increment of Yb**
concentration increase the probability to form pairs Yb**-Er** enhancing the ET, but at
the same time the number of acceptor will be reduced explaining the slow increment of

ET, see Figure 5.10.
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Figure 5.10 Energy transfer efficiency as a function of Yb*"/Er®* concentration.

It was demonstrated that emission cross section, FWHM and quantum efficiency
of the characteristic 1.53 um signal can be improved by choosing properly the
concentration of both Yb**/Er** ions. Large concentration of Yb** ion improves the
signal emitted, partly because help to reduce quenching of Er** and partly because
energy transfer was enhanced. The large quantum efficiency and stimulated emission
cross section of this signal suggest that this glass composition present strong

possibilities to be used in lasers and amplifiers design at the eye safe emission.
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CHAPTER 6
R,O EFFECT ON THE SPECTROSCOPIC PROPERTIES OF Yb*/Er** CO-

DOPED TELLURITE GLASSES

In this chapter the effect of network modifier R,O (R= Li, Na and K) on the
spectroscopic properties of Yb**/Er** co-doped tellurite glasses have been investigated.
The Judd-Ofelt parameters (£2;), quantum efficiency and quality factor spectroscopy (x)
were calculated. Fluorescence lifetime of *liz, (Er*"), *For (Er*"), *Sar (Er**) and *Fsp,
(Yb®") levels was observed to increase when potassium (K) replaced lithium (Li)
through Na. The maximum stimulated emission cross section (ECS) for *lizo—"l15,
transition of Er** is 1.02 x 10%° cm? for La,Os-Li;0-ZnO-TeO, glass and decrease
slightly for La,03-Na;0-ZnO-TeO, and La;03-K,0-Zn0O-TeO, glasses. The energy
transfer efficiency (ET) from Yb** toward Er®" described by the equation (*Fs,) +
(“l1512) — (*F72) + (*l1312) was calculated using the measured lifetimes of Yb**, and the
maximum ET was 58% for 0.25 mol% of Er*" with 3 mol% of Yb*" for glass
containing potassium. The experimental results suggest that potassium may be best

spectroscopic modifier for laser and amplification application.

6.1 Preparation of tellurite glasses

The glass composition were 75Te0,-(15-x) ZnO-10Na,O-xEr,03 (x= 0.5, 1, 2,
3) denoted by series TE and 74Te0,-12.75Zn0-10R,0-0.25Er,03-3Yb,03 (mol %),
where R=Li, Na and K (y = 1, 2, 3) denoted by TLEY, TNEY and TNEY respectively.
All samples were prepared from the starting chemical constituent tellurite oxide (TeO,),
zinc oxide (ZnO), lithium oxide (Li»O), sodium carbonate (Na,COs), potassium

carbonate (K,COs3), erbium oxide (Er,0s), ytterbium oxide (Yb,O3), and lanthanum
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oxide (Lay03). All reactants were analytical grade and used as received. The glass
fabrication, annealing and different measurements were similar as described in chapter 1
and section 2.2. All samples were prepared reducing the lanthanum content with the
addition of Yb*" and keeping constant the network intermediate (R=Li, Na and K); the
change of the lanthanum content ranges from 0.5 to 3 mol%. Series TLEY, TNEY and
TKEY correspond to glasses containing lithium, sodium and potassium respectively. All
samples tag glass with both ions concentration Er** and Yb** are show in Table 6.1. The

complete procedure to make tellurite glasses has been described in section 4.1.

Table 6.1 Tag of Er**/Yb** co-doped La,03-R,0-ZnO-TeO; glasses

Tag Er¥*/Yb** (mol %)
TEO5 0.5/0
TE1 1/0
TE2 2/0
TE3 3/0
TLEYO0253 0.25/3
TNEY0253 0.25/3
TKEY0253 0.25/3

6.2 Influence of alkalis on Judd-Ofelt parameters

From the absorption spectrum of Er** doped and Er**/Yb*" co-doped tellurite
glasses, ten bands were considered to predict the Judd-Ofelt parameter, see Figure 6.1.
The calculated line strength for the dipole transition between J and J’ is obtained by the
equation 2.2 derived by Judd [1] and Ofelt [2]. The 2, (4 and (% are the
phenomenological J-O parameters and were described in section 2.3. Such parameters
do not change with the rare earth concentration and depends strongly on its local
environment that can be adjusted by network modifiers. In Er®" doped glasses,

compositions were controlled reducing the zinc (Zn) content with the Er** addition.
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Figure 6.1 Absorption spectrum of Er**/Yb®* co-doped tellurite glasses containing a) Li,

b) Na and c) K.

The Er**/Yb* co-doped samples the modifier (Li, Na and K) was changed. The
complete values of J-O parameters for these compositions are shown in Table 6.2. The
value of Q, is affected by the symmetry of the rare earth sites that is reflected in the
crystal field parameter [3-4]. Larger £2, means lower symmetry. The (2 parameter is
inversely proportional to the covalence of the Er-O bond. On the basis of the
electronegativity theory [5], the smaller the difference of electronegativity between

cations and anions ions, the stronger the covalency of the bond. Since the values of
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electronegativity for K, Na, Li and O, are 0.8, 0.9, 1.0 and 3.5 respectively, it is expect
that the covalency of Li-O is stronger than that of Na-O and K-O bonds. Therefore the
influence on the local ligand environments around Er-O bond will be stronger. As a

result the covalency of Er-O bond decrease whiles the parameter £ increase, such as is

shown Figure 6.2.
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Figure 6.2 J-O parameters as a function of network modifiers.

The complete procedure to obtain the J-O parameters and some spectroscopic
properties in Er*" doped tellurite glass and other host has been described elsewhere [6-
7]. The obtained J-O parameters follow the typical behavior Q,>Q,>Qs and are in
agreement with results reported recently for various glass compositions, as is shown in
Table 6.2. Once JO parameters are known, several spectroscopic properties can be
calculated, e.g., the radiative transition probabilities, radiative lifetimes, branching
ratios, and spectroscopy quality factor (). In particularly y is important in predicting the
behavior of various lasing transitions in a given matrix. For our samples, x shows a

value around 1.4, the complete values are displayed in Table 6.2. In these cases the
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values are higher than the range of 0.22 to 1.5 reported for Nd** ion in different hosts

and are higher than the most standard value of 0.3 [8].

Table 6.2 J-O parameters and y for various tellurite glass composition.

Glass composition  Q,(10°cm?) Q4 (10%°cm?) Qg (10% cm?) X
TeO,-WO3-Bi,03 6.06 1.57 0.95 1.652632
TeO,-Nb,Os-Na,O b 6.86 1.53 1.12 1.366071
TE® 5.98 1.32 1.47 0.897959
TKEY ¢ 7.55 1.91 1.39 1.374101
TNEY ° 6.84 1.87 1.37 1.364964
TLEY € 6.30 2.01 1.43 1.405594
"Ref [9]
®Ref [10]

° Reported in this work

6.3 Cross-section as a function of network modifier (Li, Na and K)

The absorption cross-section of the *ly3,—*l15 (1.53 um) transition of Er** has
been determined from the absorption spectrum of Er**/Yb®" co-doped tellurite glasses as
function of network modifier (Li, Na and K) using the equation 5.1. The stimulated
emission cross section is obtained according to the McCumber theory from the equation
5.2. The values of both, absorption and emission cross section of La,03-K,0-ZnO-Te,O
glass are shown in Figure 6.3a. The LayOs3-Li,0-ZnO-Te,O glass has the largest
emission cross section peak 1.02 x 10%° cm? and then decrease to 0.97 x 10% c¢m? and
0.92 x 10%° cm? for the La,03-Na,0-ZnO-Te,0 and La,03-K,0-ZnO-Te,0O glasses
respectively, see Figure 6.3b. The reason why the ECS is larger when Li is used as a
modifier than the Na and K is as follow. Since that stimulated emission cross section is
proportional to the refractive index of the host glass [11], oe ~ (n*+2)*/n and the
refractive index increase in the way K—Na—Li (section 4.6), it is expected that the
La,03-Li,0-Zn0O-Te,0 glass has the larger emission cross section among the alkali. The

calculated value of stimulated emission cross section are in agreement with results
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reported recently [10] and are higher than values reported for silica (7.9 x 10 cm?)

[12] and phosphate glass (6.8 x 10%* cm?) [13].
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Figure 6.3 Cross section of Er** for *l13, — *l15 transition a) ACS and ECS of La,0s-

K20-Zn0O-Te,0 glass, b) ECS for different network modifier (Li, Na and K)

6.4 Fluorescence properties of Er®* doped and Er®*/Yb®" codoped tellurite glass.

6.4.1 Infrared emission (‘132 — *l1sp)

The infrared emission of Er** (*lia, — *lisp) in Er¥* doped and Er¥*/Yb** co-
doped tellurite glasses was observed at 1.532 pm, with an spectral bandwidth ranging
from 70 to 79 nm and 46 to 66 nm respectively as is shown in Figure 6.4. The obtained
results show a continuous increment of the bandwidth with the Er** and Yb®* content,
being more pronounced with Er** concentration, see Figure 6.4a. The additions of a
particular network modifier to tellurite glass helps to increase the bandwidth, increasing

in the following way K,O—Na,O—L.i,0 glasses, see Figure 6.4b.
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Figure 6.4 Bandwidth of *1;3, — *I155, transition as a function of a) Er** concentration

and b) network modifier.

In the particular case of *l13;, — 11552 transition, because of its difference in the
angular momentum by AJ =1, there exists the contribution of the magnetic-dipole
transition (Spg). In order to get broadband and flat emission spectrum, which is very
useful in optical amplifiers, it is necessary to increase the relative contribution of
electric-dipole transition (Segq) [14]. Smg is independent of ligand fields and is
characteristic of the transition determined by the quantum numbers, while Seq is a
function of ligand field. It is possible to increase Seq by modifying the structure and
composition of the glass host. In this particular case different network modifiers like K,

Na and Li have been introduced to change the structure of glasses. According to the
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Judd-Ofelt theory, the line strength of Seq components of *l13,—*11552 transition is given
by [15]

Sy 1, > 115,,]1=0.019Q, +0.118Q, +1.4620, (5.3)

where the coefficient of (2s parameter are the reduced matrix elements of the unit
tensor operator, U®, which can be found in the literature [8]. It can be seen that the term
containing % is more significant in the value of Sey because of the large coefficient.
Therefore an increment on the value of % means necessarily an increase of 1.53 signal
bandwidth. Experimental results confirm that the bandwidth increase as the term (%

increases in the following way K—Na—LlI, see Figure 6.5.
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Figure 6.5 FWHM as a function of Qg parameter.
In addition, the signal intensity depends on the network modifiers such as is indicated in

Figure 5.6. Such dependence clearly indicates the importance of the right glass

composition.
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Figure 6.6 Infrared emission intensity of *l13;, — *l15 transition as a function of

network modifier.

6.4.2 Up-conversion emission

In addition to the 1.53 um signal emitted, two strong visible bands green (*Hia
+ %Sai0 — *l1s2) and red (*Forz — *l1s2) centered at 526, 548 and 660 nm respectivelly,
were observed. For Er** doped samples overall intensity of the up-converted signal
decrease monotonically with the Er** concentration. Both bands decrease but the red
one shows a trend to increase with the Er** concentration, see Figure 6.7a. In the case of
Er¥*/Yb** co-doped samples the intensity increase in the following way Li—Na—K.
That means that the replace of K by Li through Na makes to tellurite glass more

radiative, consequently the intensity of green and red it will be increase, see Figure 6.7b.
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Figure 6.7 Up-conversion emission intensity of *Sz;, + ?Hi1o— *l1512 and *Foiz — *l1s2

transitions as a function of a) Er** concentration and b) network modifier.

6.4.3 Mechanism analysis of Er®* doped tellurite glass

The mechanism of the IR and visible emission bands are explained with the help
of the energy level diagram shown in figure 6.8. When the “I11/; level is excited by the
968 nm photons (*lis;, + hv — “l115), part of the excitation energy at the *l11, level
relaxes non- radiatively to the “l13,. The radiative transition via *l13, — *l15, leads to
the characteristic 1534 nm emission. Along with this, the excited state absorption (ESA)
from “I11/, can populate the *Fy level (*lig, + hv — *Frp). The lifetime of *l11; level of
Er®" in tellurite is 140ps [16] and is beneficial for efficient ESA process. The “F7; level

decays non- radiatively to ?Hiy, + *Ssp and the transition to *lis, give the green
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emission. In addition to this, the possible energy transfer (ET) through Er¥*(*liys) +
Er¥*(*lia) > Er¥*(*Fr) + Er¥*(*lisp) can also increase the population of the *F7; level.
The fluorescence quenching of green emission with Er** concentration may be related
with the cross relaxation (CR) process Er** (*Hiip) + Er¥* (*lisp) — Er** (lop)+ Er*?
(*“l132). The red emission is due to the combined effect of the ESA from level *l13; to
*Fo1» and the energy transfer process described by Er¥*(*lizs) + Er*(*lia) = Er* (*Fop)
+ Er**(*l1512), as shown in Figure 6.8. The mechanism for Er**/Yb** co-doped tellurite

glass was described in section 5.4.2.
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Figure 6.8 Energy level diagram of Er** doped sample and the mechanism proposed to

explain both visible and infrared emission.

Since the energy transfer rate between two ions depends on their distance, the
efficiency of energy transfer up-conversion depends quadratically on the Er**
concentration as shown in Figure 6.9. This means that energy transfer process is the

major reason for the red up-conversion.
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Figure 6.9 Emission intensity of red up-conversion band as function of the Er**

concentration.

In order to know the origin of red band, the 2Hiy, level was excited at 520 nm

and the explanation of this phenomenon is as follow.
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Figure 6.10 Down-conversion of Er** doped tellurite glass.
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The *111/, level is exited according to the equation *l;s;, + hv — *Hiaj. From that
level the ions are relaxed non-radiatively to “Ssj, level and from here mostly relaxes to
ground state producing the strong 548 nm emission band. Emission spectra show a
weak emission band centered at 660 nm corresponding to “Sg;, — “l1s/2 transition. That
means that only a few ions decay non-radiatively to *Fq, level and the red emission is
mainly originated by energy transfer described by Er¥*(*lias) + Er¥*(*lia) — Er**(*For)

+ Er3+(4 | 15/2).

6.5 Fluorescence lifetime
6.5.1 Fluorescence lifetime of Er®* doped tellurite glass
The decay time of the *lis, — “l1sp transition was measured in Er** doped

75Te0,-(15-X) ZnO-10Na,0-XEr,0; (x= 0.5, 1, 2, 3) glass.
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Figure 6.11 Fluorescence decay of 1.53 um emission as a function of Er**

concentration.

The Er®*" concentration dependence of the lifetime of *li5, level of samples is

plotted in Figure 6.11. An important reduction of the *l13, level lifetime is clearly
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observed with the Er** concentration. The decay time decrease from 3.62 to 1.4 ms
when Er** increases from 0.5 to 3 mol %. The decrease is the result of the energy
transfer and fluorescence quenching of Er** due to cluster formation provided by the

higher concentration. The complete values of decay time are listed in Table 6.3.

6.5.2 Fluorescence lifetime of Er®*/ Yb** co-doped tellurite glass
The fluorescence decay time of all samples under study for green (560 nm), red
(670 nm) and NIR (1.532 um) emissions of Er**/Yb** co-doped samples were plotted in

Figure 5.12. Such Figure shows the individual effects of network modifiers.
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Figure 6.12 Fluorescence decay time as a function of Yb** concentration and network

modifiers for a) *l135, b) *Sz1» and c) *Foy; levels.
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It has been reported that the incorporation of Na to tellurite glass improve the
solubility of rare earth [10], however our studies show that the replace of K by Na,
improve much more the solubility that in turn reduce the quenching concentration of
Er®*. The experimental results show that decay time increase from Li to K through Na,
indicating that K is the best modifiers. According to Judd-Ofelt theory the radiative
lifetime is inversely proportional to refractive index of the glass host [17]. The lower the
refractive index of glass host, the larger the fluorescence lifetime of ion. Since the
refractive index of glass host decrease from Li to K (section 4.6), it is expect that in

glasses containing K is capable to providing large fluorescence lifetime.

Comparing the measured decay time with the calculated with J-O theory, it is
possible to calculate the quantum efficiency (QE) for the three observed transition. It
was calculated by using the equation 2.10. The values of quantum efficiency for Er**

doped and Yb**/Er** co-doped tellurite glass are listed in Table 6.3.

Table 6.3 Fluorescence lifetime and quantum efficiency as a function of Er** and

network modifier.

Er/Yb Fluorescence lifetime Quantum efficiency (%)
(mol %) “Ssp(us)  “For (ps)  “lisn(ms)  “Ssp “For “lisp
0.5/0 3.62 100
1/0 2.92 94
2/0 1.46 45
3/0 1.4 47
Li 0.25/3 167 237 4.41 67.3 88.8 100
Na 0.25/3 177 249 4.4 63.4 81.9 100
K  0.25/3 175 264 4.85 59.5 83.3 100
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6.6 Energy transfer efficiency in Yb**/Er®* doped tellurite glasses

The ET efficiency was calculated using the equation 5.8 (section 5.5). The
obtained values for 0.25% of Er®" with 3% of Yb®" were 52, 54 and 58 % for glasses
containing Li, Na and K respectively, see Figure 6.13. Experimental data show that the

major ET efficiency occur when K replace Li through Na.
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Figure 6.13 Energy transfer efficiency as a function of K, Na and L.

: . . T :
According to equation 5.8 the ET increases as the term —- decrease. Since the

%o

lifetime of Yb** (7y,) increase from Li to K through Na, it is expect that the maximum

ET may occur in glasses containing K as network modifier. The obtained values are in
agreement with other reports published recently [18] in the literature. However, the ET
in tellurite glass (58%) is lower when is compared with the obtained by silicate or
phosphate glasses (95%). In general the ET efficiency is influenced by the ratio

W, W, , back ET from Er** (*lip—"lisp) to Yb** (*Fs2—*F72) and multi-phonon

relaxation of the *l11,—"l13, transition of Er®* [19]. The maximum phonon energy of
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tellurite glasses is around 800 cm™, while that of silicate and phosphate glasses is
around 1000 and 1100 cm™ respectively [20]. Consequently, the multiphonon relaxation
rate in tellurite glasses is lower and the back ET from Er®* to Yb®" is more significantly.
This is the reason why the ET efficiency is relatively lower in tellurite than silicate o

phosphate glasses.
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CONCLUSIONS

The performance of rare earth (Er®*, Er**/Yb* and Er**/Yb*/Ce*) doped
phosphate and tellurite glasses have been evaluated to investigate the potential of laser
and optical amplifiers. Based on the experimental results obtained from the systematic
characterization, it is concluded that spectroscopic, optical, physical and thermo-
mechanical properties of tellurite and phosphate glasses are strongly influenced by the
introduction network modifiers and dopant concentration. The increment of Er**
concentration induces cluster formation promoting non-radiative process that quenches
the fluorescence and reduce the quantum efficiency. However, large concentration of
Yb** ions improves the signal emitted and the fluorescence lifetime, partly because it
helps to reduce Er** clustering and partly because energy transfer was enhanced. High
quantum efficiency were obtained by properly choosing the concentration of ions being
100 % for Er**/Yb®* co-doped tellurite and 90 % for Er**/Yb*"/Ce** co-doped phosphate
glasses. The introduction of Ce** and B* ions strongly help the population inversion
efficiency for the 1.532 um emission, without greatly affecting the *l11o—"l1ap
transition lifetime of Er**. The results show that Ce®* is more effective than B** ions in

the increment of fluorescence lifetime and quantum efficiency.

Different compositions of tellurite glass as a function of network modifiers and
ions concentration has been studied. Experimental results indicate that the introduction
of alkali metals (Li, Na, K, Rb and Cs) with small ionic radii improve chemical (DR)
and mechanical (o, Tg) properties. It also increases n and ¥ (and then ny). The former
is good for the spectroscopic properties in laser and amplifier application but non-linear
response induces a deleterious effect. For network intermediate (Pb, Zn, Ba and Mg),

the lower thermal expansion coefficient was obtained for Zn and Mg while the better

102



chemical durability corresponds to Pb and Zn. The higher refractive index was obtained
for Pb and Zn intermediates. The control on the refractive index with the addition of
R,0 and MO into tellurite glass, and the wide transmission range from 0.35 to 6.4 um

suggest potential application for optical devices.

A large bandwidth of signal centered a 1.53 pm was observed in Er** doped and
Er¥*/Yb** co-doped tellurite glasses, 80 nm compared to 40 nm on phosphate glasses.
Furthermore, it increases with of both Er** and Yb®* ions. lons concentration, specially
Yb*, play an important role on the up-converted signal and open new possibilities of
being used in design of laser on the visible, display and lighting to mention a few.
Bandwidth and spectroscopic properties of Er** can be improved by properly choosing
the network modifier. Then, it is necessary to make a compromise of desired properties

and then defines the glass composition.

DIRECTION FOR FUTURE WORK

This work is expected to be a resource for the development of devices specially
laser and optical amplifiers with high performance using the obtained properties of
phosphate and tellurite glasses. The complete analysis of glasses in the spectroscopic,
physical, optical, thermal and mechanical properties should aid in the design of rare

earth doped materials with high performance for specific applications.

Preparation of phosphate and tellurite glasses using a quartz crucible and
bubbling with oxygen the glass liquid is an important task that should be considered as
part of the future work. A complete characterization of thermal-mechanical and physical

properties of phosphate glass to complement previous results on spectroscopic
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properties should also be considered. This work needs to be extended to the fabrication
of optical fiber doped with the system Er**/Yb**/Ce®, a complete study about the effect
of Ce* on laser threshold should be performed. In addition the effect of Ce** and B,0s
on tellurite glasses should be studied in detail in order to decrement the visible up-
conversion and enhance the 1.53 um signal. Special attention deserves the possibility to
improve visible emission, blue, green and red on tellurite glasses for lighting and

display application.

104



PRODUCTION OBTAINED OF THIS RESEARCH PROJECT

Accepted

H. Desirena, A. Schilzgen, S. Sabet, G. Ramos-Ortiz, E. De la Rosa, N.
Peyghambarian, Effect of alkali metal oxides R,O (R=Li, Na, K, Rb and Cs) and
network intermediate MO (M=Zn, Mg, Ba and Pb) in tellurite glasses, Optical
Materials (2008) In press.

H. Desirena, E. De la Rosa, A. Shulzgen, S. Shabet, N. Peyghambarian, Er®*
and Yb®" concentration effect in the spectroscopic properties and energy
transfer in Yb**/Er** codoped tellurite glasses, Journal of Physics D: Applied
Physics 41 (2008) 095102.

H. Desirena, E. De la Rosa, L. A. Diaz-Torres, G. A. Kumar, Concentration
effect of Er’* ion in the spectroscopic properties of doped and Yb**/Er**
codoped phosphate glasses, Optical Materials 28 (2006) 560-568.

G. A. Kumar, E. De la Rosa, H. Desirena, Radiative and Non radiative
spectroscopic properties of Er** ion in tellurite glass. Optics Communication
260 (2006) 601-606.

E. De la Rosa, P. Salas, H. Desirena, C. Angeles, R. A. Rodriguez, Strong green
upconversion emission in ZrO,:Yb**-Ho®* nanocrystals, Applied Physics
Letters 87, 241912 (2005).

L.A. Diaz-Torres, E. De la Rosa, P. Salas, H. Desirena, Enhanced cooperative
absorption and upconversion in Yb®" doped YAG nanophosphors, Optical
Materials 27 (2005) 1305-1310.

P. Salas, C. Angeles-Chavez, J. A. Montoya, E. De la Rosa, L.A. Diaz-Torres,
H. Desirena, A. Martinez, M.A. Romero-Romo, J. Morales, Synthesis,
characterization and luminescence propertiesof ZrO,:Yb**—Er®* nanophosphor.
Optical Materials 27 (2005) 1295-1300.

105



e Elder De la Rosa, Haggeo Desirena, Ajith Kumar, Spectroscopic analysis of
Yb**-Er®* co-doped phosphate glasses, Chapter book. Some Topics of modern
Optics. Rinton Press 2008, ISBN 1-58949-057-6.

To be submitted
e H. Desirena, E. De la Rosa, Enhancement of 1.53 pm signal of Er**/Yb*" co-
doped phosphate glasses by introducing Ce** and B** ions, Applied Physics

Letters.
e H. Desirena, E. De la Rosa, V. H. Romero, L. A Diaz-Torres, J. R. Oliva, J.F.

Castillo, R,O effect on the spectroscopic properties of Yb**/Er®* of co-doped

tellurite glass. Journal of Physics B: Applied Physics

106



