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1. Introduction

Development of new rare-earth (RE)-doped optical fibers for high power amplifiers and
lasers require continuous improvements in the fiber spectroscopic properties like gain and
efficiency characteristics, resistance to spectral hole burning and photodarkening (PD)
phenomena besides reduction in device size and economical efficiency. Silica glass as a host
material for fibers has proved to be very attractive though some potential applications of
RE-doped fibers suffer from limitations in terms of spectroscopic properties resulting from
clustering or inappropriate local environment when doped into silica. Several mixed-oxide
and non-oxide alternatives to silica have been successfully proposed to obtain
spectroscopically improved amplifying single mode fibers in spite of fabrication difficulties
and high cost.

The route of interest here consists of using silica as a mechanical host and support of the
fiber optical waveguide, and of embedding RE-ions within oxide nanoparticles of
composition and structure different from those of silica. When nanoparticles have a
crystalline structure the glass becomes transparent glass ceramics (Gongalves et al., 2002.
However, the nanoparticle may also be amorphous, such as those obtained by phase
separation (Zarzycki, 1991). Some reports on RE-doped transparent glass ceramic based
single mode fibers use low melting mixed oxides prepared by a rod-in-tube technique
(Samson et al., 2002), or mixed oxyfluorides using a double-crucible technique (Samson et
al., 2001). However, the low melting point of these materials causes low compatibility with
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silica components. Transition metal-doped silica-based transparent ceramic fibers were
prepared by MCVD (modified chemical vapor deposition) process and using a slurry
method (Yoo et al., 2003), where the particles were synthesized before insertion into the
silica tube substrate.

Over the past several decades considerable work have been carried out on incorporation of
RE oxide nano-crystallites into different glass hosts. Different processes have been
developed such as the co-sputtering technique (Fujii et al., 1998), pyrolysis (John et al., 1999),
ion implantation (Chryssou et al., 1999), laser ablation (Nichols et al., 2001) and sol-gel
processes (Yeatman et al., 2000). Another process which has recently been developed by a
Finnish company, Liekki, is the direct deposition of nano-particles (Rajala et al., 2003). In
addition, Leikki Company (Koponen et al., 2006) proposed an amplification fiber doped
with RE element nano-particles. Compared to conventional Er doped active fiber; it has
many advantages in optical gain, amplification bandwidth, photo-darkening, efficiency,
quenching phenomena, etc. All these processes are related to the outside vapour deposition
technique except for the sol-gel, which involves longer preform fabrication time. Many
applications of nano-fiber have been found in telecommunication and sensor such as
chemical sensor (Shi et al., 2007) and fiber ring laser (Jiang et al., 2007). An alternative
technology is to dope nano-materials into optical fiber. Cho et al. (Cho et al., 2001) doped
PbTe nano-particles into optical fiber core and demonstrated its nonlinear optical features.
Dove et al. (Dove et al., 2001) fabricated a glass optical fiber doped with CdsP> nano-
material, obtaining a gain of 7.1dB in a 4 mm-length special fiber. Kawanishi et al.
(Kawanishi et al., 2006) injected semiconductor quantum dots solution into a holey optical
fiber.

On the other hand solution doping technique (Bandyopadhyay et al., 2004; Bhadra et al.,
2003; Sen et al., 2005; Townsend et al., 1987) in the modified chemical vapour deposition
(MCVD) method (Li- 1985) is the most common way to incorporate the RE ions into the
core of silica optical fiber preform. However, the incorporation of REs into a suitable
nano-crystalline host that are dispersed within the silica rich matrix of optical fiber
preform, through MCVD and solution doping process is challenging compared to the
fabrication of such type of bulk material by normal crucible melting process. In earlier
work, we have reported the synthesis of Er,Os; doped phase-separated amorphorous
nano-particles into calcium-germano silicate core glass host by applying the basic
principle of phase-separation phenomena (Blanc et al., 2009). This is to improve the
spectroscopic properties of Er-doped fiber, mainly the spectral broadening of fluorescence
band.

RE ions into nano-crystalline hosts becomes very important as it experience very dissimilar
site and different crystalline fields which give rise to broadening of the individual stark
levels. When the RE ions are confined in crystalline environments of low phonon energy,
they yield large excited state lifetime and absorption cross-section compared to vitreous
surroundings. Generally, Yb%* in Y>O3 or YAG (Y3Al5012) nano-crystalline low silica host
exhibits a promising material for high power, high brightness, and high efficiency laser
systems because of its small quantum defect between the pump and lasing transitions
(Shirakawa et al., 2004). Furthermore, the glass host matrix in which the nano-crystals are
immersed possesses the chemical durability and mechanical property of oxide glass. To
develop more efficient fiber laser sources based on rare-earths doped materials, hosts with
low phonon energies are required. This lower phonon energy reduces significantly non-
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radiative decay due to multi-phonon relaxation, allowing increased lifetime of some excited
levels that can relax radiatively or can store energy for further up-conversion, cross-
relaxation, or energy transfer processes. Considering such importances, the incorporation of
Yb2Os into yttrium-alumino silicate phase-separated nano-crystallites was reported within
the core region of silica preform through chemical impregnation of porous phospho-silicate
or pure silica layer deposited via MCVD process followed by post-thermal treatment of the
perform (Paul et al., 2010).

Yb3* in Y>03; or YAG nano-crystalline host is suitable for making up-conversion and high
power lasers (De et al., 2006; Lu et al., 2008a, 2008b; Mun et al., 2005; Patra et al., 2005;
Shirakawa et al., 2003; Vetrone et al., 2003). Various Yb,Os; doped host materials have been
progressively investigated earlier for fiber lasers, and the Yb:YAG laser is scaled up to an
average power of 60 W with an 810-fs duration in a laser with thin-disk geometry
(Innerhofer et al., 2003). Yb-doped sesquioxides (RE>Os, RE =Y, Sc, Lu) serve as potential
alternatives to Yb:YAG for power scaling because of their desirable thermal properties. In
addition, the strong electron-phonon interaction causes characteristic spectral
broadening, especially in the case of Y>Os. Due to these characteristics, Yb-doped
sesquioxides are expected to be a promising laser material for high-power and ultrashort
pulse lasers. In this work Y>O3 was selected as an attractive host material for laser
applications as it is a refractory oxide with a melting point of 2380°C, a very high thermal
conductivity, kyso3= 27 W/mK, two times YAG’s one, kyac= 13 W/mK. Another
interesting property allowing radiative transitions between electronic levels is that the
dominant phonon energy is 377cm! which is one of the smallest phonon cutoff among
oxides (Ubaldini & Carnasciali, 2008).

Laser operation has been also demonstrated with sesquioxide crystals fabricated by melt-
growth methods (Petermann et al., 2002) and a mode-locked Yb3*:Sc;Oj3 crystalline laser has
also been reported (Klopp et al., 2003). The laser ceramics based on rare-earth-doped Y>Os,
(Y05Gdo5)203, Sc203, and LuxOs with neodymium (Lu et al., 2001) and ytterbium (Takaichi et
al., 2004) have been demonstrated. The passive mode locking of a diode-pumped Yb3+:Y>0Os
ceramic laser was demonstrated (Shirakawa et al., 2003, 2004). The lasing of the 1 at.%
Yb:YAG ceramic laser was also demonstrated with the maximum output power of 1.02 W
and a slope efficiency of 25% (Yusong et al., 2007). All such type of glass ceramic based laser
containing Y>O3 or YAG crystals possesses low lasing efficiency. Here we have made Yttria
alumino rich Yb,Os; doped silica glass based phase-separated nano-particles containing
optical fibers to demonstrate good lasing efficiency where the maximum vibrational energy
in YAS (Y203-Al,03-5i0;) glass (Jander and Brocklesby, 2004) is about 950 cm~ which is
less than the Maximum vibrational energy value of 1100 cm™ in silica glass (Tomozawa &
Doremus, 1978).

Considering the importance of Yb:YAG nano-crystals as a lasing host, we have reviewed
here the formation of such type of nano-crystals within the silica based core glass matrix of
optical fiber preform by solution doping technique under suitable thermal annealing
conditions. In this paper, we have discussed about the formation of nanostructure in optical
fiber samples made from the annealed nano-crystalline host based preform. The role of
phosphorous (P) and fluorine (F) was studied on the formation of Yb,O3 doped yttrium-
alumino silicate phase-separated crystalline nano-particles. Study of the nature of the
particles within the doping host of optical fibers was also done. The change in the local
environments of Yb3* ion was elucidated from the high-resolution transmission electron
microscopy imaging, electron diffraction, X-ray diffraction analyses. The average dopant
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levels within the core region were evaluated by electron probe micro-analyses (EPMA). We
also report the critical fabrication parameters, the material characterization results,
spectroscopic properties, PD phenomena along with their lasing characteristics of such kind
of optical fibers.

The purpose of this work is to develop nano-engineering glass based large core optical
fibers having diameter around 20-35 micron containing Yb,O; doped phase separated nano
particles which may improve the photo-darkening phenomenon, lasing property of the
fibers mainly the lasing efficiency as well as spectral broadening of the lasing spectrum
compared to the normal Yb,O3 doped YAG crystal based ceramic laser (Yusong et al., 2007)
as well as normal alumino-silica based optical fibers.

2. Fabrication of nano-engineering glass based optical preforms and fibers

2.1 Benefit of the choice of Yb,0; into nano-crystalline host

e Rare-earth ions into nano-crystalline hosts experience very dissimilar side and
experience different crystalline fields, which give rise to broadening of the individual
stark levels. When the rare-earth-doping ions are confined in crystalline environments
of low phonon energy, it yields large excited state lifetime and optical absorption cross-
section compared to vitreous surroundings (Shirakawa et al., 2004).

e Generally Yb* in Y»0; or Y3Als012 nano-crystalline low silica host exhibit a
promising material for high power, high brightness, and high efficiency laser systems
because of its small quantum defect between pump and lasing transitions (Shirakawa
et al., 2004).

e Another interesting property allowing radiative transitions between electronic levels is
that the dominant phonon energy is 377cm-! which is one of the smallest phonon cutoff
among oxides (Ubaldini & Carnasciali, 2008).

e  Such nano-crystalline structures will be obtained after a thermally controlled growth of
the crystal phase directly in the bulk glass through suitable thermal treatment after
making of optical preform.

e Purposes of the work is to develop the glass preforms for drawing into Yb-doped
optical fibers where nano-structuration of the host should result in improvement of the
characteristics of Yb-doped fiber lasers.

2.2 Mechanism of the formation of phase-separated nano-engineering glass based
optical preform

Incorporation of glass formers and modifiers occurs through solution doping process
followed by the MCVD technique. Under appropriate perturbation, such as a thermal
treatment, the glass forming the core will be separate into two phases of low and rich silica
content, respectively. As the low-silica phase constitutes a small portion of the total core
volume, microparticles or even nanoparticles may be expected.

Doping of Yb ion into lithium-aluminosilicate based glass containing Y>Os; was done
through solution doping process followed by phase separation technique in which addition
of P2Os serve as a nucleating agent to increase phase separation with generation of Yb,O3
doped micro or nano-crystallites into the core matrix of optical preform. The glass formers
incorporated by the vapour phase deposition process involves SiO,, P2Os along with glass
modifiers Al;Os3, BaO, Li;O, Yb,O3 and Y03 incorporated by solution doping technique.
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Incorporation occurs through viscous sintering phenomena. At sintering temperature the
core glass will be in a metastable immisicibility under condition of Tc (crystallization
temperature) < Ty, (melting temperature) where phase separation kinetics are faster than
crystallization kinetics. More and more negative value of the free energy change of the
system for mixing of the oxide components greater will be the phase separation. The core
composition of the doping host was modified to minimize the larger phase-separation along
with crystallization through optimization of the doping levels of P,Os, Y03 and AlbO; along
with Li;O content with incorporation of the other dopants such as BaO so that the following
conditions are satisfied:-

e  The core glass should be in high transparency to obtain low optical scattering

e  Closely matched indices of refraction

e Low birefringency crystals

e  Crystal size much smaller than wavelength of light

e Particle size <15 nm

e Interparticle spacing 15 nm

e  Narrow particle size distribution

e No crystal clustering

Liquid-liquid phase separation is a common and well-known phenomenon in silicate
liquids, and can be observed in the high-silica regions of many binary and more complex
systems, at temperatures either above or below the liquidus (Vogel, 1994). As the field
strength (charge/radius) of the modifier oxide cation increases, the resulting consulate
(critical) temperatures Tc become systematically higher (Hageman and Oonk, 1986, Hudon
& Baker, 2002). Thermodynamically, it results from strongly positive heats of mixing
between SiO; and modifier oxide components in silica-rich liquids (Hudon & Baker, 2002),
microscopically, the clustering of nonbridging oxygens around high field strength modifier
cations lowers energy by facilitating local charge balance and, if extensive enough, stabilizes
two coexisting liquids. Here phase-separation has been induced in the clear glasses through
suitable thermal annealing process with the appearance of either a crystalline or amorphous
phase separation.

One of the reasons may be that yttria-alumino silicate glass undergoes phase-separation
under suitable doping levels of Al,O; and Y203 where the glass enters within the immiscible
region of yttria-alumino silicate (YAS) glass. A ternary diagram of YAS glass system was
shown in Fig. 1 derived from FactSage (Facility for the analysis of chemical
thermodynamics) 5.5 thermo chemical software and database. The composition of such kind
of glass having silica content around 90 mol% form both two liquid and clear glass zones.
The glass transition temperatures for fluorine doped yttria-alumino-silicate glass based
optical preform are found to be between 985 and 1115°C which is explained in Section 3.3.
The glass transition temperature of oxide glass is related to a combination of several factors
such as the density of covalent cross-linking, the number and strength of the coordinate
links formed between oxygen and the cation, and the oxygen density of the network (Ray,
1974). With increasing Y content, more coordinate links are formed between oxygen and
yttrium, which is opposed by the lower oxygen density of the network from the more open
structure needed to accommodate larger yttrium ions and depolymerization in the network
with decreasing silica content or increasing Y/Al. Such type of nano-structuration retain
within the core glass matrix of optical fiber.
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Clear glass zone

Pattially L o - 'I kL -p25  Phase-separated
i = T8

Fig. 1. Phase-diagram of SiO;-Al,03-Y203 system derived from Fact Sage software indicating
the partially crystallized, glass forming and phase-separated zones.

2.3 Role of different co-dopants for making of nano-engineering glass based optical

fibers

e  The composition of Yb,Os doped nano-engineering optical fiber was selected as SiO»-
P205-Y203—A1203—Li20-]3a0.

e DPyOs serve as a nucleating agent for promotion of phase-separation phenomena along
with crystallization.

e  Y;03 and ALOs serve as a formation of crystalline host of composition of Y3Al5012
under suitable thermal annealing process.

e LiO serve for formation of glass-ceramic based material of composition (lithium
alumino-silica) LAS glass to increase the optical transparency of the doping host.

e BaO serve as an agent which increase the glass formation region of the matrix as well as
reduce the viscosity of the glass host.

e In some cases fluorine was also incorporated for enhancement of the phase-separation
followed by reducing the phonon-energy of the glass host.

2.4 Modified chemical vapour deposition (MCVD) process with solution doping
technique

Incorporation of Yb ions into nano-enginnering glass based on yttria-alumino-silica host
was done through solution doping process followed by suitable thermal treatment of the
preform (Paul et al, 2010a). The inner diameter of the tube is typically 17.0-18.0 mm. P05
was added into the deposited porous layer where P>Os serve as a nucleating agent to
increase the phase separation with generation of Yb,O3; doped micro or nano-crystallites into
the core matrix of optical fiber preform. SiO, and P,Os which serve as glass formers were
incorporated through the vapour phase deposition process. The glass modifiers such as
AlyO3, BaO, LizO, Yb,O3 and Y20s; are incorporated by the solution doping technique using
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an alcoholic-water (1:5) mixture of appropriate strength of YbCl3.6H>O, AlCl3.6H20,
YCl3.6HO, LiNO3 and BaCl,.2H,O. All the preforms fabricated by the conventional MCVD
technique, where the gaseous chlorides vapour of SiCly and POCl; including O, were passed
through a rotating silica tube and heated by an external burner which moves along the tube.
Due to high temperature, the chloride precursors oxidise, forming particles which deposit
on the inner wall of the tube. At this stage depending upon the radial temperature gradient
occurring across the hot zone, a homogeneous gas phase reaction takes place and solid
particles nucleate from the reaction products. Particle growth occurs primarily as a result of
coagulation of colliding particles as the finely dispersed solids suspended in the gas pass
through the radial-gradient of hot zone. Deposition of porous layers occurs through
collisions induced by Brownian motion which result in aggregates of individual glass
particles. Such kind of deposition is caused by thermophoresis, a phenomenon in which
suspended particles experiences a net force in the direction of decreasing temperature due
to a greater rate of collisions with gas molecules on the hot side of each particle which sinter
together by viscous flow if the glass is sufficiently fluid (Miller & Chynoweth, 1979; Shelby-
1997; 1zawa & Sudo, 1987). The deposited porous layer (Fig. 2) after solution doping turned
into a glassy layer when the burner passes over it at temperature around 1600°C. In the final
stage, the tube was collapsed into a solid preform at a temperature higher than 2000°C. The
collapsing phenomenon occurs due to inward viscous flow of mass driven by surface
tension and pressure difference between inside and outside of the tube. Controls of flow of
O, tube temperature and pressure difference between inside and outside of the tube are
very important during collapsing process to maintain circular geometry of core. The
diameter of the doped region was increased from 20 to 35 micron through modification of
several fabrication parameters such as number of deposited porous layers, composition of
deposited porous layers and CSA of the starting deposited tube. The uniform doping levels
within the large core fiber preforms was maintained through optimization of the deposition
temperature with respect to composition as well as numbers of the deposited porous layers
based on enlargement of the silica tube prior to deposition. Large core (1.5-2.85 mm) Yb,O3
doped preforms (Paul et al., 2010b) based on yttria-alumino-silica glass hosts were
fabricated through modification of several fabrication parameters such as number of
deposited porous layers, composition of deposited porous layers and CSA of the starting
deposited tube. To make 19.0-20.0 micron diameter fiber from the preform, we have used
82-85 mm?2 CSA tube having inner diameter of 17.0 mm with deposition of 6 numbers of
porous layers at optimum deposition temperature of 1350+10°C. The fiber diameter of
22.0£2.5 pm was drawn from the preform made through deposition of 6 numbers of porous
layers at optimum deposition temperature of 1275+10°C using silica tube of CSA of 58-60
mm? having inner diameter of 18.0 mm. On the other hand, the fiber diameter of 32+2.5 pm
was made from the preform fabricated through deposition of 10 numbers of porous layers at
optimum deposition temperature of 1240+10°C within inner surface of silica tube of CSA of
58-60 mm? having inner diameter of 22.0 mm enlarged from 18.0 mm inner diameter under
suitable pressurization prior to deposition of multiple porous phospho-silica layers. The
same composition of deposited porous phospho-silica layer was used at each case.

The uniform doping levels within the large core of each fiber preform was maintained
through optimization of the deposition temperature with respect to composition and
numbers of the deposited porous layers as well as varying the inner diameter of the tube
under suitable pressurization prior to deposition. Nano-engineering fibers varying NA
between 0.07-0.12 and core diameter ranging from 20 to 35 micron were drawn from the
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annealed perform under suitable heating conditions made through modification of several
fabrication parameters such as number of deposited porous layers, composition of deposited
porous layers and CSA of the starting silica tube with varying the inner diameter of the
silica tube under suitable pressuriazation prior to deposition. The details about the making
of large core Yb,O; doped nano-engineering glass based optical preform through MCVD
process followed by solution doping technique is described below:

The following important parameters are involved in this process.

e  Composition of the gas phase mixture within the silica tube

e Number of deposited porous layers with pre-sintering

e  Deposition temperature of the porous layers

e  Composition of the solution of dopant precursors

e Soaking, drying and heat treatment of solution impregnated porous layers

e  Dehydration

e Sintering

e Collapsing process

Fig. 2. Deposition of multiple porous layers of composition of SiO,-P,0Os along forward
direction by the MCVD process

2.5 Composition of the gas phase mixture within the silica tube

The composition of a gas mixture of 13-15 mol% of SiCly, 1.0-2.0 mol% of POCIs, 2.5-4.0
mol% of He and 79-83.5 mol% of O, was found to be the best for smooth deposition to
prevent coagulation of the particles. If coagulation arises, the formation of bubbles starts
during sintering stage.

2.6 Number of deposited porous layers with pre-sintering

The fiber diameter around 19-20 micron was obtained from the preform made through
deposition of maximum 6 numbers of porous silica layers having thickness around 10 pm
containing 0.15 to 0.20 mol% of P,Os under optimum deposition temperature of 1350 +10°C
followed by pre-sintering within 1300-1350°C which possesses uniform porosity along both
axial and radial directions in order to obtain uniform distribution of Al, Yb, Y and Ba ions
along the whole diameter (Paul et al., 2010a, 2010b). In this case we have used silica tube of
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CSA around 82-85 mm? and inner diameter around 17.0 mm prior to deposition of porous
layers. Under such condition multiple porous layers form uniform networking of the
deposited oxide particles between each layer and not disturbed before going to solution
impregnation process. From fabrication of a series of large core Yb,O; doped nano-
engineering preforms shown in Table 1 under different conditions, it was observed that
uniform porosity in terms of uniform doping levels of Al, Yb, Y and P ions along the entire
core region can be obtained through the way of solution soaking process maintaining
uniform thickness (10 pm) of each layer up to deposition of 6 numbers of porous layers
under deposition temperature of 1350+10°C followed by pre-sintering at 1300-1350°C (Paul
et al., 2010a). The radial view of the microscopic picture (Fig. 3) of such six numbers of
multiple porous layers shows a uniform networking of the deposited oxide particles
between each layers having uniform thickness of 10 micron as well as uniform porosity
varying slightly within +2%.

IO VY VI

10pm

-

Fig. 3. Radial view of deposited six numbers of phospho-silica layers with the enlarged
surface morphology of each layer.

The porosity of the layers varies from 58 to 62% between innermost and outermost layer.
The axial view of such thick porous layer shown in Fig. 4 clearly indicates that a uniform
networking of the deposited oxide particles between each layer is formed well as observed
clearly in the enlarged microscopic view of the particular portion of the deposited layers.

The fiber diameter of 25.0 pm was drawn from the preform made through deposition of 6
numbers of porous layers at optimum deposition temperature of 1275+10°C using silica
tube of CSA of 58-60 mm?2 having inner diameter around 18.0mm. The pre-sintering was
done within 1250-1275°C for 3 passes. The purpose was to deposit thin (8.0-10.0 pm)
individual layers as shown in Fig. 5a for each deposition pass in order to reduce the
penetration length for uniform soaking of the dissolved ions along the radial direction. On
the other hand, fiber diameter of 32+2.5 pm was made from the preform fabricated through
deposition of 10 numbers of porous layers at optimum deposition temperature of
1240+10°C within inner surface of silica tube of CSA of 58-60 mm?2 having inner diameter
around 22.0 mm enlarged from the initial inner diameter of 18.0mm under suitable
pressurization. In this case tube was enlarged through suitable pressurization prior to
deposition of multiple porous phospho-silica layers. The pre-sintering was done within 1275
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Fig. 4. The microscopic axial view of six multiple porous layers deposited at around 1350
+10°C along with the enlarged view of the particular portion of the deposited.

to 1300°C for 3 passes. The radial view of deposited 10 numbers of porous layers having
thickness around 5-6 micron was shown in Fig. 5b. To make LMA fibers with core diameter
around 30-35 microns, we used thin wall silica tube of cross sectional area (CSA) around 58-
60 mm? having inner diameter around 18.0 mm of thickness 1.0 mm. The outer surface of
such type thin-wall tube was further enlarged to make inner diameter around 22.0 mm
under optimum pressurization prior to deposition of multiple porous phospho-silicate
layers for getting large core diameter. The purpose was to deposit thin individual layer (5.0-
6.0 pm) for each deposition pass in order to reduce the penetration length for uniform
soaking of the dissolved ions along the radial direction.

Fig. 5. The microscopic radial view of six multiple porous layers (A) and ten multiple
porous layers (B) deposited at around 1275 + 10°C and 1240 + 10°C, respectively.

2.7 Composition of the solution of dopant precursors

Several preforms were made using various strength of AlCl; 6H,O, YCl36H,O, LiNO3 and
YbCl3 6H2O which maintain the suitable viscosity around 1.5 cP (Paul et al., 2010). The
viscosity of the solution of the dopant precursors plays an important role to prevent the
disturbances of thick porous layer. Such disturbance of thick highly porous medium occurs
if the viscosity of the soaking solution is high. The viscosity of 1.5 cP of the solution is found
to be most suitable for soaking of six as well as ten numbers of porous layers deposited at
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1350£10°C, 1275+10°C and 1240+10°C, respectively. The effect of high viscosity of the
doping solution gives rise to an accumulation of the deposited soot particles after solution
soaking process due to generation of high viscous force within the pores along with loosing
out of the soot layers from the inner surface during drying with inert gas as well as heating
process.

2.8 Soaking, drying and heat treatment of solution impregnated porous layers

Solution soaking process was done for a period of 30-60 minutes (depending on the
numbers of deposited porous layers) followed by drying with flow of N2 gas for a period of
45-60 minutes under very low pressure (~0.5-1.0 Psig) as well as drying thermally by
heating around 600-700°C for a period of 10 minutes with flow of O; at the rate of 500cc/min
along with He flow at the rate of 75cc/min for elimination of the problem of any
disturbances of the thick porous layer (50-75um).

2.9 Dehydration

Dehydration step is very important to reduce OH content of the fabricated fiber.
Dehydration of core layer is carried out at lower temperature range (600-700°C) in presence
of Cl;, O, and He due to evaporation of LiCl from Li;O during dehydration as the
equilibrium constant value of the chlorination of lithium oxide is very high (Fig. 6) derived
from FactSage (Facility for the analysis of chemical thermodynamics) 5.5 thermo chemical
software and database. LiO plays an important role to make transparent glass-ceramic
(Morimoto, 2004; Morimoto & Emem, 2004). The optical transparency of yttria-alumino
silica based core glass has been lost; if more amount of lithium evaporate.

10

T

-— L

= .5 //

— | —m—Li0(s) +C_ =2 LiCl{g) +0.5 O_

10 _// —#—LiO(h) +Cl,=2 LiCl{g) +0.5 O,

-G8

.20 4

.25 T . T . T . T . T . T
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Dehydration temperature (K

Fig. 6. Dehydration was done at low temperature around 700°C due to very high quilibrium
constant of the evaporation of LiCl from Li,O

2.10 Sintering
At sintering stage, the heating temperature was increased gradually from 1300 to 1900°C by
a step-wise increment of 100°C for elimination of the problem of formation of small bubbles
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either at the core clad boundary or within the whole core region in presence of a mixture of
O; and He having the ratio of He:O; (1:4 to 1:1). The disturbances of thick soot layer through
the formation of bubbles either at the core-clad boundary or within the whole core region
arises if the porous layers are not deposited at optimum deposition temperature. The
formation of small bubbles also generate at the core-clad boundary during sintering of the
thick soaked porous layers if the deposition temperature varies much from one layer to
another layer specifically if the first layer deposited at higher temperature compared to the
other layers or all the porous layers are deposited at higher temperature around 1500°C. The
main reason arises due to lack of suitable porosity of the innermost layer compared to the
other layers in terms of soaking ability of the dopant precursors for smooth sintering. In this
case, the bubble formation occurs due to high viscosity mismatch between the inner and
uppermost layers. During viscous sintering process, the upper layers get sintered at lower
temperature compared to the innermost layer. As a result of it, small bubbles may generate
during sintering as well as collapsing stage from the innermost un-sintered layer.

2.11 Collapsing process

The collapsing was done in 3 steps. In the first step, partial collapsing occurs under high
flow of Oz around 250cc/min and He of 65cc/min at 15.0 psig to maintain circulartity of the
tube with burner speed of 40mm/min. In the second step the flow of O, was reduced to
75cc/min and He of 25cc/min at 5-6 psig with burner speed of 30mm/min. In the last pass,
the flow of O, was increased to 125cc/min and He of 50 cc/min at 10 psig with burner speed
of 15-20mm/min to maintain the perfect circularity of the large core after opening of the by-
pass line at the moment of final collapsing of one end.

The solution doping technique followed by MCVD process using the above fabrication
parameters provides homogeneous distribution of Al, Y, P and Yb ions as well as very
uniform refractive index within the whole large core region of nano-engineering preform or
fiber. The uniform doping levels within such large core optical fiber preform and refractive
index profiles of corresponding optical fibers are also mentioned in this chapter.

2.12 Incorporation mechanishm of fluorine into porous silica layer

Fluorine was incorporated into porous layer through solution soaking process using H>SiFs
(fluorosilicic acid) for 10-15 minutes. To prevent etching of porous layer in presence of F, the
optimized 10-15% diluted H)SiFs was used. Furthermore, to avoid the formation of
gelatinous precipitation with direct use of fluorosilicic acid into the alcoholic solution of
chloride precursors, the double solution soaking process was performed for the
incorporation of fluorine. Incorporation of fluorine into deposited porous silica surface was
done based on the following mechanism.

The dilution of supersaturated fluorosilicic acid solution with water controls the
incorporation of fluorine into the resulting porous silica matrix. An intermediate,
hydrolyzed species, SiF,(OH)sn (n < 4), will be formed by the reaction shown in Eq. (1)
(Chou & Lee, 1994; Homma et al., 1993). These species present in the solution react with the
porous silica substrate surface. The fluorine-containing siloxanes are subsequently formed,
which adsorb onto the surface where condensation and bonding occurs between the
oligomers and surface hydroxyl groups (Homma et al., 1993).

H,SiF, + (4 - n)H,0 <> SiF,(OH),_, + (6 — n)HF (1)
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5H,SiF, +SiO, — 3[SiF,SiF, |~ + 2H,0 + 6 H* )

On the other hand, if we have used concentrated fluorosilicic acid, porous silica can be
dissolved through formation of fluoro silicon complexes such as [SiFs.SiF4]?- shown in Eq.
(2). The bridged fluoro silicon complex has electron deficient silicon because of the high
electronegativity of the bonded fluorine, which create weak Si-F bonds. Such kind of bonds
is very much prone to nucleophilic attack by water where fluorine ion (F-) combines with
the proton to form hydrofluoric acid (HF). pH of the solution was adjusted properly where
the high acidity of the solution allows protons to react with [SiF4(OH)2]* to form SiF,; and
water through Eq. (3). Hydrolysis of SiF, will then yield hexa fluorosilicate anion, protons
and silicic acid through Eq. (4) for incorporation of fluorine into porous silica layers.

[SiF,(OH), >~ +2H"* — SiF, + 2H,0 3)

3SiF, + 4H,0 — 2SiF,*” + Si(OH), + 4H"* (4)

A list of preforms having different doping levels along with fiber parameters are given in
the following two tables.

Value of Average Backeround
Nano- Al/Y YboOs P>Os | BaO | Fluorine | particle &
o 0 o o . loss at 1285nm
preforms (molar | (mol%) |(mol%) [(mol%)| (mol%) size (dB/Km)
ratio) (nm)
NYb-1 20:1 0.07 — 003 | - — —
NYb-2 13:1 0.12 - 005 | --—--- S -
NYb-3 6:1 0.12 - 0.05 | --—-- - 30
NYb-4 1.75:1 0.14 — 0.07 | ----- 20-30 75
NYb-5 1.75:1 0.14 040 | 008 | - 10-25 125
NYb-6 1.75:1 0.14 050 | 007 | - 25-50 450
NYb-7 1.75:1 0.14 0.60 | 0.08 0.25 22:20 2200
NYb-8 1.75:1 0.14 0.60 | 0.08 0.30 22:25 2400
NYb-9 1.75:1 014 | -—-- 0.08 0.25 6-10 40-50
NYb-10 1.7:1 0.10 0.20 e B 10-15 45-60
IMNYb3 1.7:1 0.15 0.20 . 025 5-10 40-55
IMNYb4 1.7:1 0.15 0.20 - 0.25 5-10 45-60
IMNYb-12D | 1.7:1 0.15 20 --- 0.25 5-10 40-65
IMNYb-12P | 1.7:1 0.15 20 - 0.25 5-10 45-60

Table 1. The doping levels of different nano-preforms evaluated by EPMA along with size of
the particles and background loss of the fabricated nano-particles fibers.
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. No. of | Deposition |CSA of the Claddlpg Core
Doping | .. . NA absorption .
Fiber ID | porous |temperature| deposited dia.
host lavers (#10°C) |tube (mm? (£0.02) | at976 nm (1)
d - dB/m) | ¥
SiO»-
Y205
NYb 4- 15.0-
Al,Os- NYb10 6 1350 82-85 0.09 5-10 20.0
P,0s-
Yb203
SiO»-
Y20s-
Al,O3- IMNYD-3, 6 1275 58-60 0.09 5-10 22.0+£2.5
IMNYb-4
P>0s-
YbyO3
SiO,-
Y,0s3- HXSBY&E- 10 under
ALLO3- IMNYb- expanded 1240 58-60 0.09 5-10 32+2.5
P>Os- 19P condition
Yb,O3

Table 2. Fabrication and fiber parameters of different large core nano-engineering fibers.

2.13 Thermal annealing process

The preform samples were annealed at different temperatures for appropriate time to find
out the optimum temperature for the formation of nano-crystallites inside the silica glass
matrix. After fabrication of preforms, we have made five circular sections of thickness
around 1-1.5 mm having 10 mm diameter from each preform. Each section was heated in a
temperature-controlled furnace of 1000, 1200, 1300, 1450 and 1650°C at the rate of 20°C/min
and left for 3 hours once the temperature has been reached, to achieve the structural
equilibrium, followed by the cooling to room temperature at a rate of 20°C/min. Depending
on the glass composition the annealing step was optimized to obtain a highly transparent
glass with the nano-sized crystallites distributed homogeneously in that, as well as a
complete segregation of the RE ions into the nano-crystal site.

The diagram of annealing sequences of fiber preform samples heated at different
temperatures in a closed furnance of Ar gas environment was shown in Fig. 7. The
microscopic picture of the core region of fiber preform (NYb-7) with and without annealing
was given in Fig. 8. The core glass of preform annealed at 1650°C and without annealing as
shown in Fig. 8 becomes almost transparent. Whereas the preform annealed at 1450°C
becomes highly opaque. This phenomena indicates that the nature of Yb.Os doped yttria-
alumino silica host under thermal annealing at 1450°C becomes different than that of core
glass matrix of preform samples without annealing and with annealing under heat
treatment at 1650°C. The nature of such kind of glass was evaluated from XRD and TEM
along with EDX as well as electron diffraction pattern analyses. The observation of the
thermal annealing of preform samples at different temperatures is given in Table 3.
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A
Temperature(  °C)
1650 16500C
1450 1450 oC H
1300 = 1300 oC i
1200 1200,C E
1000 :
E \3
. , =. 2
Heating : O
environment: Ar ! 2,
: 7
25 = : >
3 hours Time

Annealing sequences

Fig. 7. The diagram of annealing sequences fiber preform samples heated at different
temperatures in a closed furnance.

Hy B

Fig. 8. Microscopic picture of the core region of preforms (A) Preform without annealing (B)
Annealed at 1450°C for 3 hours (C) Annealed at 1650°C for 3 hours.
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Heating |Soaking
Sample
numbers| 1ates period Observation against thermal soaking temperature
(*C/min)| (hr)
1200°C | 1300°C 1450°C (;615?1:1:
NYb-7 1000C | DNP | DNP 2
20 3 . . CNP milky)
Preform Transparent|(slightly| (slightl \
511y (strongmilky) (No
milky) [ milky) .
particles)
NYb-8 1200°C | 1300°C 1450°C (;615?1:1:
Preform 20 3 1000°C DNP DNP CNP mﬁk )y
(Fluorine Transparent|(slightly| (slightly (strong (Ng
doped) milky) | milky) milky) .
Particles)

Table 3. Conditions and effect of thermal annealing of preform samples at different
temperatures.

After that milling and polishing of the annealed preforms are done. Milling was done for
removal of the silica mass equivalent to Imm depth from one side of the preform. Preform
was milled using ultrasonic machine. After milling, D-shaped fiber with low index polymer
coated was drawn using fibre draw tower.

3. Material characterizations of the nano-engineering doping host

The material characterizations of nano-engineering doping host have been done at different
stages from deposition of multiple porous layers to making of optical preforms through the
following various techniques.

3.1 Scanning electron microscopy (SEM) analyses of porous layers

Different soot parameters namely density, pore sizes, porosity, surface area and soot layer
thickness have been evaluated for optimization of deposition temperature of multiple
porous layers against the numbers of deposited layers to get uniform distribution of
different co-dopants along the diameter of fabricated preforms. The soot density was found
to be around 0.258 gm/cc at optimum deposition temperature regions namely 1350+10°C.
The porosity of six numbers of porous layers deposited at 1350+10°C along radial direction
was found to be 58% to 62% from innermost layer to outermost layer as described earlier in
Fig 3. The reason behind the slight decrease in porosity is a consequence of partial sintering.
Both scanning electron microscopy (SEM LEO, S430i, LEO, UK) and field emission scanning
electron microscopy Supra 35VP (Carl Zeiss, Germany) images of soot layer samples were
captured before and after solution doping shown in Fig. 9 to investigate the average pore
sizes, their distribution and soot layer thickness. The average pore size was evaluated from
SEM micrographs using Image analyzer and found to be 1.25-1.5 micron.
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Fig. 9. SEM pictures of axial view of the porous layers (6 numbers) deposited at temperature
around 1350+£10°C (A) before (B) after solution soaking.

3.2 Atomic force microscopy (AFM) study

The technique which used for the analysis of porous silica layers is the Atomic Force
Microscopy (AFM) Model: Multiview 3000 (Nanonics Imaging Ltd., Israel). AFM images are
obtained by measurement of the force on a sharp tip (insulating or not) created by the
proximity to the surface of the sample. This force is kept small and at constant level with a
feedback mechanism. When the tip is moved sideways it will follow the surface contours.
By this way, three dimensional images of the surface of the porous samples are obtained. A
three-dimensional view and a corresponding cross section graph of the deposited porous
surface shows a hillock profile with a dome height of 3 + 0.25 pm and distance between
dome tops 4.0+1.0 pm shown in Fig. 10 and Fig. 11. Both circular and irregular shaped
pores were observed, with diameters of 3 + 1 pm and a pore-to pore distance of 4.5 + 0.5 pm.
The porosity of the deposited thick layer was determined as 60 + 2.0%.

Fig. 10. A three dimensional AFM image of the surface of porous phospho-silica multi-
layers.
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Fig. 11. A cross-sectional AFM image of the surface of porous phospho-silica multi-layers.

3.3 Differential thermal analyses (DTA) of the porous material

The determination of glass transition and crystallisation temperatures as well as melting
temperature of such nano-engineering core glass material was also important for better
understanding of the phenomena of phase separation as well as crystallisation mechanism
with respect to the doping solution composition. Differential thermal analyser (DTA) Model:
STA 409C (Netzsch, Germany) on samples ground to an average particle size of less than
25 pm was prepared. In such case, unsintered oxide porous layer of composition SiO,-P>Os-
Y203-Yb;03-Li;0O-BaO formed by MCVD process followed by solution doping technique
(soaked with an alcoholic solution of YbCls, 6H,O, YCl3 6H2O, AlCl; 6H2O, LiNOs, BaCl,
2H>0) and after oxidation of the soot was removed from the inner surface of the silica tube
and then ground to a powdered material for DTA. The DTA measurements were carried out
using minimum about 30 mg of sample in a Pt crucible. Data for each run was automatically
collected from the DTA apparatus. The glass transition and crystallization temperature of
such type of glass was found to be around 985 and 1115°C respectively shown in Fig. 12.
The exact melting temperature was not detected due to the temperature limitation of DTA
upto 1450°C.

axo
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Fig. 12. Differential thermal analysis (DTA) curve of fluorinated Yb,O; doped silica soot.
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3.4 Electron probe micro-analyses (EPMA)

The average dopant percentages in samples were measured by an electron probe
microanalyser (EPMA) at University of Minnesota, Electron Microprobe Laboratory, USA.
For this, around 3-4 mm of the preform sample was grounded and polished both sides.
Finally EPMA of the polished preform samples of thickness 1-1.5 mm was done with the
maximum spatial resolution of 1um after applying a thin graphite coating layer. Data of
EPMA of preform samples were taken with a spatial gap of 30 micron within the whole core
region shown in Fig. 13. The corresponding different dopant distribution of large core fiber
preforms IM-NYb3 and IMNYb-12D are described in Fig. 14 and Fig. 15 respectively.

Fig. 13. Data of EPMA of preform samples taken with a spatial gap of 30um within the core

region

Fig. 14. Distributions of doping levels of Al,O3 (1), Y203 (2), Yb2Os3 (3) and F (4) within the
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Fig. 15. Distributions of doping levels of ALO; (1), Y203 (2), YbO3(3) and F(4) within the
core area of fiber preform (IMNYb-12D).

3.5 X-ray diffraction (XRD) study

To detect the exact crystalline phases formed during the heat treatment, X-ray diffraction
(XRD) was performed on finely ground core glass specimens. The X-ray Patterns was
collected using a powder diffractometer. X-ray diffraction spectra were extracted from the
raw 2-dimensional data using the Fit2D program (Hammersley et al., 1996). Spectra were
collected on nano-engineering preform sample (NYb-8) annealed at different temperatures
shown in Fig. 16. The calibration of the distance between the sample and the detector was
carried out by using a LaBs sample (NIST SRM660). Only the samples annealed at 1450°C
present crystalline peaks. The preform annealed at other temperatures does not show any
characteristics diffraction peak of Yb:YAG crystals. The exact diffraction peaks of Yb:YAG
crystals embedded in silica matrix is found to be 33.43(a), 46.606(b), 56.34(c) when annealed
at 1450°C in comparison to the exact characteristics peaks at 33.064, 46.183 and 55.732 given
in Joint Committee on Powder Diffraction Standards (JCPDS-38-0222) (Joint Committee on
Powder Diffraction Standards, data file. 38-0222) and also observed by W. Yusong et al.
(Yusong et al., 2007)
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Fig. 16. X-ray diffraction spectra of the doped region of preform NYb-8 annealed at four
different temperatures for 3 hours and different crystalline peaks developed for sample
annealed at 1450°C.
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3.6 X-ray absorption spectroscopy

Distribution of Yb ions in the glass preform was also determined by the fluorescence yield of
the Yb La line given in Fig. 17. The vertical line marks the point where the XAS
measurement has been carried out. The following figures shows a typical distribution
profile of Yb ions in the preform measured by X-ray fluorescence: these permits to
determine the size of the Yb-doped zone that resulted to be of about 1.5 mm. The vertical
bars indicate the point where the EXAFS spectra will be carried out that was chosed to be in
the middle of the fibre core.
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Fig. 17. The fluorescence yield of the Yb La line of nano-engineering preform (NYb-5). The
vertical line marks the point where the XAS measurement has been carried out.

3.7 High resolution transmission electron microscopy (HRTEM) with electron
diffraction pattern and EDX analyses

High resolution transmission electron microscope (HTEM) Model:Tecnai G2 30ST (FEI
Company, USA) images of preform samples were used to study the core glass morphology
using LaBs emitter. The TEM specimens were mechanically polished and dimpled to
thickness of about 10 pm. The final thinning of the samples to electron transparency was
carried out using an Ar-ion mill. To evaluate the composition of phase-separated particles
the electron beam was focused on the particles and then focused in an area outside of the
particles, when the energy dispersive X-ray analyses (EDX) data were taken. The nature of
the particles was evaluated from their electron diffraction pattern. TEM picture along with
electron diffraction pattern of Yb,Os doped nano-crystalline glass based optical fiber
preform (NYb-4) after thermal annealing at 1450°C temperature was shown in Fig. 18.

4. Effect of suitable dopant levels and thermal annealing on formation of
crystalline nano-particles

Study on the effect of suitable dopant levels specifically the ratio of ALY and thermal
annealing on formation of crystalline nano-particles within the core region of optical fiber
preform samples were done through TEM along with electron diffraction pattern, EDX and
XRD analyses. For this purpose several Yb,Os doped large core preforms (listed in table 1)
were fabricated with varying ALY ratio from 20:1 to 1.75:1 and other co-dopants, in order to
study the dependence of glass composition on the formation of nano-crystalline particles. All
co-dopants, except for P are incorporated in the structure through solution doping process.
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crystalline nano-particles developed within yttria-alumino silicate glass of optical fiber
preform (NYb-4) after thermal annealing at 1450°C

Two important parameters were involved for formation of Yb,O; doped phase-separated
yttria alumino-silicate nano-crystalline host. First, the doping ratio of Al:'Y and second, suitable
thermal treatment of the fabricated preform. The optimised thermal annealing conditions of
preforms were identified to get Yb,O; doped phase-separated nano-crystalline particles of
composition Yb:YAG. The strength of dopant precursors of Y and Al within the doping
solution was varied gradually from preform NYb-1 to NYb-4 to get the initial condition for
formation of the phase-separated nano-particles within the preform samples. The ratio of Al:'Y
within the fiber preform samples were calculated from EPMA results. No-phase-separated
particles were developed within the preforms of NYb-1, NYb-2 and NYb-3 under any thermal
annealing conditions when the ratio of ALY varied from 20:1 to 6:1. Fig. 19 shows the TEM
image of preform NYb-2 having Al:Y ratio of 13:1 and annealed at temperature of 1300°C with
no evidence of nano-particle formation. However, the preform NYb-4 having ALY ratio of
1.75:1 shows phase-separated nano-particles under thermal annealing at 1300°C for 3 hours
(Fig. 20). The formula of YAG crystal is Y3AlsO12 where the ratio of ALY is around 1.7. Here the
role of Al and Y at that ratio favours the formation of YAG crystals stoichiometrically. Higher
than this ratio, excess Al prevents the formation of phase-separation which does not enter
within the immisicibilty region of yttria alumino silicate glass.

Fig. 19. TEM image of the doped area of preform NYb-2 annealed thermally at around
1300°C for 3 hours.
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Fig. 20. TEM image of the doped area of preform NYb-4 annealed thermally at around
1300°C for 3 hours along with electron diffraction pattern.

On the other hand preform NYb-4 when annealed at 1000°C for 3 hours does not form any
phase-separated particles as shown in Fig. 21. The formation of phase-separated amorphous
particles started when the preform samples NYb-5 and NYb-6 annealed at 1200°C, as shown
in Fig. 22 and Fig. 23.

-
™~

2 1/nm

Fig. 21. TEM image of doped area of preform NYb-4 annealed thermally at around 1000°C.

EDX spectra onthe
patticle

Fig. 22 . TEM image of doped area of preform NYb-5 annealed at 1200°C containing 0.40
mol% P>Os along with electron diffraction pattern and EDX spectra.
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Fig. 23. TEM image of doped area of preform NYb-6 annealed at 1200°C containing 0.50
mol% of P>Os along with electron diffraction pattern.

EDX ppecto oo the

Fig. 24. TEM image of the doped area of preform NP-5 annealed at 1300°C containing 0.40
mol% of P,Os along with electron diffraction pattern and EDX spectra.

At this annealing temperature the nano-particles which have grown together resulted in an
interconnected nano-structure. The electron diffraction pattern shows the formation of
amorphous phase (inset Fig. 22 and Fig. 23). When the same preform samples heated at
around 1300°C, the nano-particles are separated from each other and mostly single isolated
particles distributed uniformly in the core glass matrix were observed, as shown in Fig. 24
and Fig. 25. The TEM pictures shown in Fig. 22 to Fig. 25 for heat treated samples under
1200 and 1300°C are to study the effect of annealing temperature on the formation of phase-
separated particles along with its nature. The isolated particles are not YAG nano-
crystallites. The particles are Yb,Os; doped phase-separated yttria-rich alumino-silicate nano-
particles evaluated from their corresponding EDX data.

Further annealing of the preform at around 1450°C, all the phase-separated particles became
crystalline. The electron diffraction pattern as shown in the inset of Fig. 26 and Fig. 27
demonstrates that the particles are crystalline in nature.

High resolution micrographs (Fig. 28) were extracted from the previous TEM pictures of
preforms NYb-5 and NYb-6 after thermal annealing at 1450°C for 3 hours, which show the
crystalline nano-structure of less than 20 nm in size and surrounded by the amorphous SiO;
matrix. At the crystalline orientation the phase contrast allows to differentiate lattice plans
of ~ 0.3nm separation. This matches with the value reported by Jian-Cheng Chen (Chen,
2006). The lattice planes show that the original nano-crystals have combined to form a
continuous crystalline lattice. Absence of grain boundaries within the crystalline phase

www.intechopen.com



Fabrication of Large Core Yb,O3; Doped Phase
Separated Yttria-Alumino Silicate Nano-Particles Based Optical Fiber for Use as Fiber Laser 47
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Fig. 25. TEM image of the doped area of preform NYb-6 annealed at 1300°C containing 0.50
mol% of P,Os along with electron diffraction pattern and EDX spectra.

might be due to the agglomeration of independent nano-crystals. Here, two nano-crystals
are separated by a layer of amorphous phase. The interconnection of the phase-separated
particles developed during thermal annealing at 1450°C leads to the growth of a nano-
crystalline structure shown in Fig. 28. All the particles were observed to be near round
shape. The driving force behind the roundish morphology and interconnection of individual
nano-crystals is due to the lowering of surface energy of the connected crystal network over
individual nano-crystals.

FEOC gpactpn Likouiy on the partsls

Fig. 26. TEM image of the doped area of preform NYb-5 annealed at 1450°C containing 0.40
mol% of P>Os along with electron diffraction pattern and EDX spectra.

EDX spectra taken onthe |
particle
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Fig. 27. TEM image of the doped area of preform NP-6 annealed at 1450°C containing 0.50
mol% of P,Os along with electron diffraction pattern and EDX spectra.
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The composition of such phase-separated crystalline particles was evaluated by comparing
their energy dispersive X-ray analyses (EDX) data, taken from directly on the crystal
particles and from the areas of outside the particles shown in Fig. 28. The EDX spectra taken
from the crystal particles detected as Si, Al, O, Yb and Y signals, whereas the EDX data
taken from the areas outside the particles detected Si, Al and O without Yb and Y. Si signal
appear as the crystals are embedded with SiO,. The dopant concentration of nano-
crystallites with respect to the silica matrix was evaluated from EDX curve and shown in
Fig. 28. The evaluated data consists of 13.0 atom% of Al, 0.02 atom% of Yb, 8.0 atom % of Y
and 34.0 atom% of O. The doping level of the formation of Yb:YAG crystals within fiber
preform sample (NYb-5) is 0.02 atom%. Such compositional analyses indicates that the
phase-separated crystalline nano-particles were Yb:YAG crystals dispersed into the silica
glass matrix.
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Fig. 28. HRTEM image showing the lattice plan of the crystalline nano-particles developed
within the doped region of preforms (a) NYb-5 and (b) NYb-6 annealed at 1450°C for 3
hours along with EDX spectra taken on and out of the particles.

The nature of the glass host was evaluated from X-ray diffraction spectra of the doped
region of preform (NYb-5) annealed at 1300°C and 1450°C for 3 hours shown in Fig. 29. The
vertical lines correspond to YAG phase. The preform annealed at 1300°C does not show any
characteristics diffraction peak of Yb:YAG crystals. The exact diffraction peaks
corresponding to the lattice plan of 420, 611 and 633 of Yb:YAG crystals embedded in silica
matrix is found to be 33.43, 46.606, 56.34 respectively when annealed at 1450°C in
comparison to the exact characteristics peaks at 33.064, 46.183 and 55.732 respectively
described in Joint Committee on Powder Diffraction Standards (JCPDS-38-0222) (Joint
Committee on Powder Diffraction Standards, data file. 38-0222) and also observed by W.
Yusong et. Al (Yusong et al., 2007). Such a small variation occurs as Yb:YAG crystals are
embedded in silica glass based matrix and not in a perfectly Yb:YAG ceramic state.
Generally the formation of such type of Yb:YAG crystals in bulk glass samples occurs by the
following way :

5A1,05 + 3(1 - X) Y>,03+3xYb,O5 = 2Y3(1—X)Yb3XA15O12 where x =0.1

Similar type of reaction may takes place within yttria-alumino-silicate core glass matrix of
optical fiber preform where the substitution of Y3* by Yb3* occurs due to their same valence
state as well as similar ionic radius. On the other hand, Si** may substitute for Al3* or it may
sit at an interstitial position since the ionic radii of Si¢* are 0.040 and 0.054 nm, and the ionic
radii of Al3* are 0.053 and 0.068 nm, if their coordination numbers are 4 or 6, respectively®.
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Fig. 29. X-ray diffraction spectra of the doped region of preform NYb-5 annealed at 1300°C
and 1450°C for 3 hours. The vertical lines corresponds to YAG phase.

The possibility of sitting Si** to an interstitial site can be neglected as the large strain and
higher number of vacancies per Si in an interstitial location will make the energies required
for the incorporation very high. We have not observed formation of Yb,Os; doped mullite
crystals within the preform samples due to the large difference in ionic radii of AI3* and Yb3+
(~0.05 nm) which results in lattice strain to restricts the formation of a solid solution
comparable to mullite.

When the preform samples annealed above 1600°C, the crystalline behaviour of the particles
were destroyed and most of the particles disappear, as shown in Fig. 30. This may be due to
reaching of the melting temperature of the glass. The glass transition and crystallization
temperature of such type of glass was found to be around 985 and 1115°C respectively as
mentioned earlier in Fig. 12. The exact melting temperature was not detected due to the
maximum limit of 1400°C temperature of our DTA apparatus. However from the fabrication
point of view, the sintering of deposited layer starts around 1600°C which correspond to the
melting temperature of the doped porous layer.
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Fig. 30. TEM image of the doped region of preform NYb-5 annealed at 1600°C along with
electron diffraction pattern and EDX spectra.

5. Effect of P,O5 and fluorine on formation of nano-particles within the core of
preforms and fibers

The effect of phosphorous and fluorine doping on formation of Yb.Os; doped nano-
crystalline particles within silica glass matrix was studied through high-resolution TEM
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analyses. The core glass remains transparent after annealing at 1000 and 1600°C. On the
other hand, when annealed at 1450°C, the core region becomes slightly opaque which
indicates the formation of phase-separated nano-crystalline particles in the preform sample.
Fig. 26 and Fig. 27 shows the TEM pictures of two preform sections ( NYb-5 and NYb-6 )
having different content of P,Os for investigation of the effect of P,Os on the size and nature
of the nano-particles. The maximum particle size in high P,Os content (0.50 mol%) core glass
preform, NP-6, was found to be larger compared to the preform NYb-5 containing less P>Os
content (0.40 mole%) in the core.

Increasing the P>Os content in glass accelerate the growth of formation of phase separated
particles upon heating through thermal perturbatation, where P>Os serves as a nucleating
agent owning to the higher field strength difference (>0.31) between Si¢* and P5* (Tomazawa
& Doremus, 1979). We have taken several TEM pictures from different sections of the core
region of samples NYb-5 and NYb-6 to find out the variation of particle sizes. A wide
variation from 10-25 nm and 25-50 nm in particle sizes were observed from the preform
samples NYb-5 and NYb-6 respectively. The size of the nano-particles increased with
increasing of the P>Os content. At the ratio of 20:1, 13:1 and 6:1 within the glass matrix
formation of any nano-particles within the doped region of optical fiber preform under
annealing upto the temperature of 1600°C does not occur.

The effect of fluorine on the formation of Yb,O; doped crystalline nano-particles within the
preform samples NYb-7 and NYb-8 after thermal annealing at 1450°C are shown in Fig. 31
and Fig. 32 respectively. Here fluorine was incorporated using 10-15% fluorosilicic acid.
Both preforms contain the same doping levels of P>Os (0.60 mol%). The doping level of
fluorine content was measured by electron probe microanalyses (EPMA). The distribution
profile of fluorine content along the diameter of core region of two fiber preform NYb-7 and
NYDb-8 was shown in Fig. 33. The average doping level of fluorine in preforms NYb-7 and
NYb-8 was found to be 0.25 and 0.3 mole%. The spherical particles in Fig. 31 and 32 show
bimodal size distribution. The large particles are of the order of 60 nm and the smaller ones
are of the order of 3-5 nm. In addition, a very dense distribution of nano-particles (~2-10 nm
size) was detected which are rich in high atomic number elements of Yb and Y. This was
confirmed from the corresponding EDX spectra taken in the region of densely distributed
nano-particles of preform NYb-7 which shows strong signals of Yb and Y.

Energy (Kev)

Fig. 31. TEM image and EDX spectra of the area of a dense distribution of nano-particles
(2-10 nm) of preform NYb-7 annealed at 1450°C containing 0.6 mol% of P,Os and 0.25 mol %
of fluorine.
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Fig. 32. TEM image of the area of preform NYb-8 annealed at 1450°C containing 0.6 mol% of
P>0Os and 0.30 mol% of fluorine

The doping of fluorine in yttria-alumino silicate glass composition may have a dramatic
effect on the nucleation and crystallisation behaviour of the glass contributing to the
bimodal size distribution. This effect was not only a result of the stoichiometric
considerations of crystal formation but also of the network disrupting role of fluorine within
a glass network. Here fluorine may act as a nucleating agent, promoting crystallization of
Yb,O3 doped YAG crystals within the silica glass matrix and also serves as a facilitator of the
kinetics of crystallization through rearrangement of the glass network. The non-bridging
oxygens preferentially bond to the silicon atoms present, thereby preventing the formation
of silicon-fluorine bonds and the formation of volatile SiF4. In such glass, P and F may play
a different kind of nucleation as well as crystallization phenomenon for the formation of
observed bimodal size distribution.
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Fig. 33. Distribution profile of fluorine along diameter of two preforms NYb-7 and NYb-8.

The preform sample NYb-9, which contains 0.25 mol% F and no P;Os, after thermal
annealing at 1450°C shows uniform distribution of crystalline nano-particles (Fig. 34) having
sizes around 6-10 nm. HRTEM image of the black dots of doped area of preform (NYb-9)
shows the formation of the nano-crystalline particles of Yb:YAG. The corresponding
electron diffraction pattern shows the crystalline behaviour of the particles. The HRTEM
picture clearly shows the crystalline plan of Yb:YAG crystals having 0.3 nm separation of
lattice plans. The exact composition of the crystalline nano-particles was evaluated from the
corresponding EDX spectra. The evaluated data shows 15.0 atom% of Al, 0.02 atom% of Yb,
9.0 atom% of Y and 36.0 atom% of O.
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Fig. 34. HTEM image of the doped area of preform NYb-9 annealed at 1450°C containing
0.25 mol% of fluorine showing (a) the nano-crystalline particles of Yb:YAG along with (c)
EDX curve and (d) electron diffraction spectra.

6. Nature and sizes of the particles of Yb,O; doped nano-engineering fibers

Nature and sizes of the particles of nano-engineering fiber was evaluated from HRTEM
analyses along with EDX and electron diffraction pattern.To make the TEM analyses of
optical fiber samples first, fiber coating was removed. After that fiber was crashed in two
different marble mortars and ground to fine powder. The glass powder was dispersed in
acetone liquid. Cu saver was rinsed into the liquid and took out. After drying, the glass
powder was sticked on the surface of the saver. The Cu saver was put under TEM to check
the individual small particles by EDX. Nature and sizes of the particles of nano-engineering
fiber was evaluated from HRTEM analyses along with EDX and electron diffraction pattern.
The small phase-separated nano-particles within the doped core region of optical fiber NYb-
9 was observed under TEM analyses shown in Fig. 35.
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Fig. 35. TEM analyses of Yb-doped nano-particle silica optical fiber sample NYb-9 (a)
Electron diffraction pattern and (b) EDX spectra on and out of the particles.

The size of the particles of the fiber core region occurs within 5.0-8.0 nm region. The EDX
spectra shows that both phase-separated and non-phase separated regions contain Al, Y and
Yb. However the intensity related to Y and Yb in phase-separated particles becomes very
much larger than the non-phase-separated particles. On the other hand, the intensity related
to Al in phase-separated particles becomes lower than that of non-phase-separated particles.
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Such analysis indicates that most of ytterbium is located in the phase-separated yttria-rich
region compared to Al dominated non-phase separated region. The nature of the phase-
separated particles is found to be non-crystalline confirmed from their electron diffraction
pattern. Such TEM analyses confirm the presence of Yb,Os; doped phase-separated yttria-
rich alumino-silicate amorphous particles. The corresponding EDX spectra indicates the
presence of two different kind of Yb ions showing different surrounding environments. Fig.
35 confirm that the crystalline nano-particles initially formed in the preform (NYb-9)
annealed at 1450°C was maintained within the fiber samples after drawing above 1900°C but
nature of the particles changed from crystalline to amorphous state.

Here both P>Os and F serve as a nucleating agent to induce phase-separation in bulk silica
glass matrix. We have studied the effect of P,Os, F and both on formation of YAG crystals
within the fiber preform sample systematically. Both P,Os and F are important from view
point of phase-separation phenomena to induce the formation of Yb:YAG crystals within
silica glass matrix. On the other hand, incorporation of P;Os reduces the PD phenomena of
the Yb,O3 doped fiber laser. Fluorine incorporation into the doping host is also important as
it reduces the refractive index of silica glass. As a result, incorporation of fluorine helps to
maintain the required refractive index difference around 0.002-0.0025 with incorporation of
larger content of Y and Al in order to achieve the ideal parameter of large mode area Yb,O3
doped fiber for use as high power fiber laser with good lasing efficiency and beam quality.
In this research work fluorine is found to be the most important as we are able to maintain
the whole particles within 5-8 nm range in order to achieve the low background loss of the
fiber within 40-50 dB/Km at wavelength 1285 nm. The details spectroscopic and lasing
characteristics of Yb-doped nano-particles fibers drawn from the nano-crystalline preforms
were mentioned earlier.

The formation of these nano-particles can be explained in terms of the phase separation
phenomena and crystal growth mechanism, which normally occur in bulk silica based glass.
Growth of Yb,Os; doped nano-crystallites was based on the metastable nature of yttria-
alumino silicate glass and will transform to the stable crystalline state, if enough thermal
energy is available which occurs by a two step nucleation and crystal growth process
(Varshneya, 1994; Rawson, 1967). As RE doped yttria-alumino silicate glass is heated, the
viscosity decreases which infact increases the tendency for structural rearrangement and
crystallization. When the temperature was increased high enough (above 1350°C), crystal
nuclei begin to form. The nuclei are the tiny regions in the glass structure. As the
temperature was further increased, the rate of nuclei formation, or nucleation, increased and
reached to a maximum at around 1450-1500°C, depending on the composition. At higher
temperatures, additional thermal energy causes the nuclei to grow by crystal growth
mechanisms. The rate of crystal growth increases with increasing temperature from 1450°C
to a maximum of 1575°C and then the rate decreases to zero at the liquidous temperature
around 1600°C. At temperature above 1600°C most of the particles disappears with
destruction of their crystalline behaviour. Here, P>Os serves as a nucleating agent for
promoting the phase-separation phenomena along with the crystallization. Both Y>O3 and
Al,O3 serve as a formation of crystalline host of composition Y3Als012. The LiO helps
formation of glass-ceramic based material increasing the transparency of glass host. BaO
acts as an agent for increases the glass formation region of the matrix as well as to reduce
the viscosity of the glass host. A uniform distribution of Yb,O; doped YAG nano-crystals
having particle size of 6-10 nm was obtained for the first time to our knowledge into a 0.25
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mol% fluorine co-doped silica optical fiber preform made by the MCVD and solution
doping technique, and under suitable thermal treatment.

7. Geometrical and optical characterizations of nano-engineering fiber

The refractive index profile of nano-engineering fibers was measured by fiber analyser.
Using the transmission microscope (Model: Nikon Eclipse LV 100) connected to a high
resolution digital colour camera controlled by imaging software, the cross-sectional views of
all the fiber sections are taken along with the values of core-clad dimensions. The cross-
sectional view along with refractive index profile of Yb,O3; doped nano-engineering fibers
(NYb-6 and NYb-10) having diameter around 17-20 micron are given in Fig. 36 and Fig. 37,
respectively.
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Fig. 36. Cross-sectional view and refractive-index profile of Yb,O3 doped nano-enginnering
fiber (NYb-6).
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Fig. 37. Cross-sectional view and refractive-index profile of Yb,O3 doped nano-enginnering
fiber (NYb-10).

The cross-sectional view of large core nano-engineering fibers (IMNYb-3, IMNYb-12D &
IMNYb-12P ) having diameter around 25.0 - 35.0 micron along with their refractive index
profiles are given in Fig. 38 and Fig. 39 respectively.
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Fig. 38. Cross-sectional view and refractive-index profile of Yb,O3 doped large core nano-
enginnering fiber (IMNYb-3) having core diameter around 25.0 micron.
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Fig. 39. Cross-sectional view and refractive-index profile of Yb,O3 doped large core nano-
enginnering fiber (IMNYb-12D & IMNYb-12P) having core diameter of 30.0 - 35.0 pm.

8. Spectroscopic properties of Yb,O; doped nano-engineering preforms and
fibers

The UV-VIS spectra of three preform samples NYb-6, NYb-8 and NYb-9 annealed at 1450°C
was shown in Fig. 40. The instrument used for this purpose was UV-VIS-NIR-3101PC
scanning spectrophotometer. The peaks at 220 nm and 380 nm are attributed to the presence
of ytterbium oxygen defect center (YbODC) (Yoo et al., 2007) and Yb2* ions (Yusong et al.,
2007).

The absorbance value of fiber preform NYb-9 becomes much lower than that of NYb-6 and
NYb-8. This phenomena indicates that the size of the particles generated within the preform
sample NYb-9 becomes lower than that of preforms NYb-6 and NYb-8. The optical
absorption spectra of preform NYb-5 annealed at 1300°C and 1450°C was shown in Fig. 41.
The fiber preform sample NYb-5 annealed at 1300°C shows two normal absorption peaks
centered at 915 and 975nm wavelengths which confirm that Yb ions are present in normal
glass matrix. The same preform annealed at 1450°C had two additional absorption peaks
centered at 935 and 960nm which becomes comparable to the absorption peaks centered at
941 and 968 observed in Yb:YAG ceramic samples?!. Such a small variations in absorption
peak positions arise as the crystals are dispersed in silica glass matrix not in a Yb:YAG pure
state. Thus optical absorption confirms that YAG crystals are developed within silica glass
matrix based fiber preform sample under annealing at 1450°C.
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Fig. 40. UV-VIS spectra of three preform samples (a) NYb-6, (b) NYb-8 and (c) NYb-9

annealed at 1450°C.
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Fig. 41. Optical absorption spectra of preform NYb-5 (a) annealed at 1300°C and (b) 1450°C
in NIR region.

The spectroscopic properties of the prepared fibers were investigated and compared to a Yb-
doped aluminosilicate (Yb:Al) fiber fabricated in-house. The background loss of the fibers at
1285 nm wavelength was measured by high resolution optical time-domain reflectrometer
(OTDR) and presented in Table-1. It was observed that background loss of the fibers very
much related to the sizes of the Yb,O3 doped nano-particles. The nano-particles silica fiber
NYDb-9 having sizes 5-8 nm shows the minimum background loss around 40-50 dB/Km at
1285 nm wavelength. Whereas the nano-particles silica fibers NYb-6, NYb-7 and NYb-8
containing the larger sized particles shows the high background loss. The background loss
at 1285 nm was 40-2400 dB/km, depending on the core composition and size of the nano-
particles as shown in Table-1.The optical absorption spectra of the fabricated nano-particles
fibers NYb-3, NYb-5, NYb-6, NYb-7 and NYb-9 are measured from 350-1750 nm wavelength
using white light source and shown in Fig. 42.

The peaks corresponding to 915 and 975 nm are characteristics absorption peaks of Yb3* ions
(Langnera et al., 2008).The normal fiber NYb-3 and nano-particles fiber NYb-9 shows the
minimum absorption loss compared to the fibers NYb-5, NYb-6 and NYb-7 containing
larger sized particles. The nano-particle fiber NYb-9 is found to be the best from view point
of the formation of very small sized nano-particles within 5-8 nm showing low background
loss of 40-50 dB/Km at 1285 nm wavelength.
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Fig. 42. Optical absorption of different Yb,O3; doped nano-particles silica fibers measured
using white light source.

The fluorescence and lifetime of the fibre samples are measured under pumping at 915 and
976 nm wavelengths (Yoo et al., 2010). A fiber-coupled single mode laser diode at 915 nm
was used as a pump source. The pump fiber was spliced to a fiber under test and the other
end of the test fiber was angle cleaved to suppress any feedback of signal light. Index
matching fluid was applied to the output end to further suppress the undesired feedback.
The fluorescence was captured by placing one end of a multi-mode fiber to the side of the
test fibers. An InGaAs photodetector was connected to the other end of the multi-mode fiber
to record fluorescence decay time. The 915 nm laser diode was modulated externally by an
acousto-optic modulator in the course of the lifetime measurement. We used less than 5 cm
long fibers to avoid amplified spontaneous emission and reabsorption.

Fig. 43 shows the measured decay time with the nanoparticle fiber and the Yb:Al fiber (Yoo
et al., 2010). The decay time was determined at the point where the intensity drops to 1/e of
its original value. Both decay curves were well fitted with single exponential form. The
decay time of the nanoparticle fiber was recorded as ~ 860 psec which is close to that of
ALYD fiber. The fitting goodness was better than 0.9996.

Fig. 44 shows measured absorption and fluorescence spectra for the nanoparticle fiber
compared to those of Yb:Al fiber. Each peak was scaled to unity to make a spectral shape
comparison. We see the spectral shapes of Yb absorption in the nanoparticle fiber are
modified against the Yb:Al counterpart, which again indicates the different environments
for the Yb ions. However, the line shapes do not follow the Yb-doped Y>O; ceramic
(Bourova et al., 2008) due to the glassy nature of the nanoparitcles as confirmed in the TEM
analysis (Ballato et al., 2009).
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Fig. 43. Fluorescence decay time of Yb-doped nanoparticle silica fiber and Yb:Al fiber.
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Fig. 44. Spectral shapes of absorption (solid line) and fluorescence (dashed line) of Yb-doped
nanoparticle silica fiber (red) and Yb:Al fiber (black).

9. Lasing performances of Yb,0O; doped nano-engineering fibers

The Yb-doped nanoparticle fibers were tested under laser configuration (Yoo et al, 2010;
Sahu et al, 2009). A D-shaped fiber (NYb-7) in double clad structure was pulled in 400 pm
inner cladding diameter. The large inner cladding diameter was chosen to enable an
efficient pump launch from the high-power pump diodes. The experimental arrangements
are schematically shown in Fig. 45. The fiber was end-pumped by a 975 nm laser diode.
Pump launch end of the fiber was cleaved perpendicularly to the fiber axis to provide 4%
Fresnel reflection for the laser cavity. At the other end, a high reflective mirror (100%) at
signal band was used to close the laser cavity. Most of the launched pump beam was
absorbed through the 5 m long fiber. The output power linearly increased with the launched
pump power. The output reached 85 W for a launched pump power of 120 W, representing
good slope efficiency of 76% with respect to the launched pump power (Sahu et al., 2009) as
shown in Fig. 46.

HT @976nm Forward emission at HR @ 976nm
HR @ 1060nm 1025-1080nm output HT @ 1060nm

D
/ Backward emission

at 1025-1080nm output
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eoescnces D pump Iaser
Double-clad Yb** doped nano- f diode source at
engineering fiber Lens 976nm
HR@976nm
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Fig. 45. Experimental arrangement for the laser performance characterization of nano-
engineering fibers.
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Fig. 46. Laser performance of 4 meter length of nano-engineering fiber (NYb-7).

We further investigated the lasing performance of another nano-engineering fiber (NYb-8)
having 125 pm inner cladding diameter along with lasing bands. Fibers with 125 pm inner
cladding diameter were placed in a free-running linear 4%-4% laser cavity test bed and the
output spectrum was recorded by an OSA. We found that both lasing wavelength and 3dB
bandwidth are pump power dependent. Fig. 47(a) represents the pump power dependent of
laser spectra in 0.2 nm of OSA resolution. In a 4 m long fiber, the oscillation started at 1057
nm with total 13 dB of pump power absorption. As we increased the pump power, another
band appeared at longer wavelength, ~ 1070 nm. The laser operated at two wavelength
bands at ~ 1050 and 1070 nm with a gap between.
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Fig. 47. (a) Pump power dependent lasing band in Yb-doped nanoparticle silica fiber in 4 m
length (b) Laser performance of 4 m long Yb-doped nanoparticle silica fiber (NYb-8).

More intense pump power filled the gap and made up a broad band oscillation from 1040-
1075 nm. The observed pump power dependent of laser operation band is different as
compared to Yb-doped silica fibers in conventional hosts. However, it did not compromise
the laser efficiency. The fiber provided laser efficiency of 79% with respect to the launched
pump power as shown in Fig. 47 (b). Identification of the cause of this behaviour is under
progress.

The lasing characteristic of other nano-partcles silica fiber NYb-9 containing fluorine was
shown in Fig. 48. The lasing efficiency of such nano-particles silica fiber was observed
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around 83.0 % with respect to the absorbed pump power (Paul et al., 2010). The maximum
output power was well above 10 W, and limited by available pump power. The fiber
containing Yb,Os doped yttria rich alumino silica based nano-particles sized within 5-8 nm
shows good lasing efficiency around 83.0% with respect to the absorbed pump power
compared to the Yb:YAG crystal based ceramic laser (Yusong et al., 2007). The output
spectrum of the laser for both forward and backward signal was shown in Fig. 49. Such
nano-particles silica fiber shows a broad band oscillation from 1040-1075 nm in their output
spectrum.

12
g 10 A
5 /
Eog
& ) /
=
] 0 /

0 5 10 158
Absorbed pump power (W)

Fig. 48. Laser performance of 4 meter long Yb-doped nano-particle silica fiber NYb-9 under
pumping at 975 nm wavelength.
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Fig. 49. Output spectrum of the lasing band of forward and backward signal of Yb doped
nano particle silica fiber NYb-9 under launched pump power of 16 W by 975 nm pump laser
diode.

The lasing characteristics of the fabricated Yb-doped nano-engineering large core fibers
(IMNYDb-3, IMNYDb-12D & IMNYDb-12P ) pumping at 976 nm by a multi-mode laser diode in
the cladding-pump configuration through pump combiner was measured as shown in Fig.
50, Fig. 51 and Fig. 52 respectively. The laser cavity was formed by splicing two fiber bragg
gratings (FBG) with reflectivity 99% (HR) and 10% (LR) at 1080 nm placed at each end of the
Yb fiber. The pump wavelength was again 976 nm which provided the excitation within the
zero-phonon line of Yb3* ion.
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Fig. 50. Laser performance of 4.5 meter long Yb-doped nano-particle silica fiber IMNYb-3
under pumping at 976 nm wavelength.
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Fig. 51. Laser performance of 3.5 meter long Yb-doped nano-particle silica fiber IMNYb-12D
under pumping at 976 nm wavelength.
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Fig. 52. Laser performance of 3.5 meter long Yb-doped nano-particle silica fiber IMNYb-12P
under pumping at 976 nm wavelength.
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10. Photo-darkening phenomena of nano-engineering fibers

A lot of study was done about PD in silica fibers doped with different RE ions (Broer et al.,
1993; Atkins & Carter, 1994; Koponen et al., 2006). PD deteriorates the performance of fiber
lasers or amplifiers (Honninger et al., 2007; Morasse et al., 2007). Such phenomenon is
initiated by the high Yb inversion (Koponen et al., 2006; Honninger et al., 2007). The
generation of color centers are responsible for the induced excess loss in the UV/VIS/IR
wavelength range and was attributed to a photo-ionization process powered by the energy
of excited Yb ions. PD in Yb doped fibers can also be induced by 488 nm irradiation (Yoo et
al., 2007). Several measurement techniques to investigate the temporal and spectral
characteristics of the loss evolution were developed (Koponen et al., 2006; Honninger et al.,
2007; Morasse et al., 2007; Yoo et al., 2007; Jasapara et al., 2006; Shubin et al., 2006; Koponen et
al., 2007). Cladding pumping is advantageous, because a homogeneous Yb inversion can be
achieved, independent of the core diameter and adjustable in a wide range with moderate
pump powers. The pump induced PD in Yb-doped fibers has been recognized as a
bottleneck for power scaling in many applications. It was found that the induced loss is
proportional to the inversion level of the Yb3+ ions. Host material dependence was also
reported and phosphosilicate can suppress the PD in a significant amount compared to the
aluminosilicate counterpart (Shubin et al., 2007; Jetschke et al., 2008).

Here we have investigated the PD phenomena of Yb doped nanoparticles in a silica rich
matrix based optical fibers as an alternative to the Yb in a 'standard', such as aluminium or
phosphorous co-doped, silica host for use in high power fiber lasers. It is expected that the
Y>0O3 nanoparticles within a silica host will modify the Yb environments, which influences
host material dependent processes such as PD and rare-earth solubility.

As the spectroscopic properties of the nanoparticle fiber described earlier indicate
modification in the surrounding environments of the Yb ions, we expect different
behavior of PD in the fibers. The PD was evaluated by monitoring the transmitted probe
power at 633 nm through the fiber under test. The PD measurement setup is presented in
Fig. 53. We used fiber-coupled single mode 977 nm laser diode as a pump source. The
output end of the pump fiber was spliced to one port of wavelength-division multiplexing
(WDM) coupler and the pump beam was delivered to the test fiber by splicing the output
end of the WDM coupler and the test fiber. A He-Ne laser at 633 nm was used as a probe
beam which coupled to the test fiber through the WDM coupler. The probe beam
propagated the same direction as the pump beam. The output end of the test fiber was
spliced to another WDM coupler to separate the pump and probe beam. The probe beam
was chopped by mechanical chopper and the output power was detected by photodiode
and lock-in amplifier after passing through the monochromator. We used ~ 1 cm of the
test fiber to create uniform universion level of Yb ions and to suppress unwanted
amplified spontaneous emission. The pump input power was maintained to provide
>35% of population inversion of Yb3* throughout the fibers. We carried the PD
measurement with the Yb-doped nanoparticle fiber and the Yb:Al fiber. Both fibers were
in 125 pm diameter. The small signal absorption in both fibers was around 3 dB/m at 976
nm. The temporal characteristics of the transmitted probe power are represented in Fig.
54. The PD induced loss is significantly reduced in the Yb-doped nanoparticle fiber. When
fitted the measured results with stretched exponential form (Shubin et al., 2007), we found
that the saturated induced loss in Yb-doped nanocrystalline fiber reduced by 20 times
compared to the aluminosilicate counterpart.
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Fig. 53. Photodarkening induced loss measurement setup. FUT: Fiber under test, LD: Laser
diode, WLS: White light source.

The PD process is associated with non-binding oxygen near surfaces of
ytterbium/aluminium clusters which forms in silica material co-doped with ytterbium and
aluminium. The non-binding oxygen originates from Yb3* in substitute of Si4* sites. When
subjecting the ytterbium to 976 nm pump radiation, excess energy is radiated as phonons
which cause a lone electron of one non-binding oxygen atom to shift to a nearest neighbour
non-binding oxygen atom with creation of a hole and a pair of lone electrons that results in a
coulomb field between the oxygen atoms to form an unstable colour centre. The conversion
of such unstable colour centre to a semi-stable centre requires the shifting of one electron of
the lone electron pair to a nearest neighbour site (Mattsson et al., 2008). In yttria alumino
silicate glass matrix the yttrium (Y3*) is chosen as codoping ion since their ionic radius is
similar (0.0892 nm for Y3+ and 0.0985 nm for Yb3*). Yb3* and Y3+ have also the same valence;
therefore they can easily substitute its-self and can increase the distance between two Yb3*
ions. In the case of codoping with Yb3+ and Y3+, the formation of Yb-O-Y-O-Yb may be take
place just like to the formation of Er-O-Y-O-Er as reported by Trinh Ngoc Ha et. al (Ha et
al., 2004). As a result of it, the formation of Yb related ODC (Yb-Yb) will be prevented.
Hence the phenomenon of PD effect may be reduced.
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Fig. 54. Temporal characteristics of transmitted power at 633 nm for Yb-doped nanoparticle
fiber and Yb:Al fiber.

On the other hand, the UV absorption spectra of Yb,O; doped alumino-silicate glass based
optical preform and Yb,O; doped yttria-alumino silicate glass based optical preform
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samples having almost the same doping levels of Yb,O; ( 0.13 mol%) and ALOs (0.9 mol%)
was shown in Fig. 55.
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Fig. 55. Absorption spectra of (a) Yb,O3 doped alumino silicate preform and (b) Yb>O3
doped yttria alumino silicate perform (NYb-7).

In Yb,O3 doped alumino silicate glass the peak related to 220-225 nm is associated with the
formation of YbODC (Yoo et al., 2007). The peak intensity related to YbODC becomes lower
in yttria alumino silicate glass based optical preform compared to alumino-silicate glass
based optical preform. This phenomena signifies that the presence of yttria reduces the
formation of ytterbium related oxygen defect centers. The PD in the Yb-doped
aluminosilicate preform takes place through the breaking of ODCs under two-photon
absorption which gives rise to release of free electrons. The released electrons may be
trapped at Al or Yb sites and form a color center resulting in PD. The choice of Al and Y as
codopants is of due to the same valence of Al**, Y3+, and Yb3* as well as similar lattice
structure of ALO;, Y203 and YbyOs. As the field strength of the modifier cation increases,
either through decreasing ionic radius or increased charge, it is expected to begin to perturb
the aluminosilicate network more strongly, because of the energetic stabilization provided
by closer association of negatively charged species, in particular non-bridging oxygen
(NBO). In yttria-alumino silicate glass with increasing Y/Si ratio, the 29Si peak shifts to a
higher frequency, indicating a smaller shielding of the Si nucleus because of the substitution
of Al by Y, which may be related to the conversion of bridging oxygen (BO) to non-bridging
oxygen (NBO) (Schaller & Stebbins, 1998). 27ZAl MAS NMR study (Kohli et al., 1992) also
demonstrate that one major effect of Y3+ is to promote the conversion of AlOs groups to
higher-coordinate species which provides more oxygen surrounding spaces, thus reducing
the number of ODCs, the hypothesized precursor to PD.

11. Conclusions

A detail review was done about the development of large core nano-engineered Yb,O3
doped fiber having diameter around 20-35 micron drawn from nano-crystalline YAG based
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silica glass preforms made by MCVD and solution doping technique followed by suitable
thermal annealing conditions of the preform. Such nano-partciles are developed during
drawing of optical fiber from the modified preform which annealed at 1450-1500°C for 3
hours under heating and cooling rates of 20°C/min. The diameter of the doped region was
increased from 20 to 35 micron through modification of several fabrication parameters such
as number of deposited porous layers, composition of deposited porous layers and CSA of
the starting deposited tube. The uniform doping levels within the large core fiber preforms
was maintained through optimization of the deposition temperature with respect to
composition and numbers of the deposited porous layers as well as thickness of the silica
tube with varying inner diameter of the tube prior to deposition. The effect of phosphorous
and fluorine doping on nano-structuration of Yb,O3 doped fiber was discussed in details.
The formation of nano-particles occurs through the phase separation phenomena and crystal
growth mechanisms which normally occur in bulk silica-based glass. The size and shape of
the nano-particles were evaluated from the TEM results. The crystalline nature of nano-
particles was observed after annealing at 1450°C. In presence of P the average nano-
crystallites size of 25-50 nm were homogeneously dispersed within the core region. The
crystal size increases as the P>Os doping level increases due to the strong field strength
difference of P5* and Si#* ( >0.3) where P2Os serves as a nucleating agent to accelerate the
growth of formation of large crystallites. A bimodal size distribution with larger particles of
the order of 60 nm and the smaller ones of 3-5 nm in diameter was observed in presence of P
where most likely P and F together play a different kind of nucleation and crystallization
phenomenon for such kind of bimodal distribution. By adding fluorine to the silica based
composition, nano particles of 6-10 nm in diameter are obtained. The composition of phase-
separated crystalline particles was evaluated by comparing their EDX data, taken directly
from the crystal particles and from an area outside of the particles. The EDX spectra taken
from the crystal particles detected Si, Al, O, Yb and Y signals, whereas the areas outside of
the particles detected Si, Al and O and no Yb and Y. The compositional analyses of the
phase-separated nano-particles consists of 13.0 atom % of Al, 0.02 atom% of Yb, 9.0 atom %
of Y and 36.0 atom% of O. The doping level of the formation of Yb:YAG crystals (confirmed
from the XRD spectra) within fiber preform sample is found to be 0.02 atom%. The phase-
separated crystalline nano-particles were developed within the central core glass matrix
under post-heat treatment within 1450-1500°C for a period of 3 hours. Such annealed
preform shows two additional absorption peaks centered at 935 and 960 nm indicating the
formation of Yb:YAG crystals. The main feature of such process involves the direct
synthesis of Yb:YAG nano-crystallites within the core of optical fiber preform through the
conventional MCVD and solution doping technique. However nature of the particles was
changed from crystalline to amorphous at fiber drawing stage when fiber drawn from such
annealed preform after heating at 2000°C within fiber drawing furnace. The TEM spectra
reveal the size of the particles within 6-10 nm. The energy dispersive X-ray (EDX) spectra
signifies that yttrium and ytterbium are dominant in phase-separated particles whilst they
are sparse in the non-phase-separated region.The background loss of such nano-particles
based fibers is maintained within 40-50 dB/Km by keeping the particle sizes within 6-10 nm
range. The fiber containing 6-10 nm sizes of Yb,O3 doped yttria alumino rich silica based
nano-particles shows good lasing efficiency around 80% with respect to the absorbed pump
power compared to the Yb:YAG crystal based ceramic laser. Such nano-engineering fiber
shows a broad band lasing oscillation from 1040-1075 nm.
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More generally, this concept has great potentials as possible solutions to now a days issues
in lasing fibers specifically PD phenomenon under high power application as well as fiber
amplifiers for intrinsic gain flattening and spectral hole burning.

12. Future direction

The future work involves the fabrication of optical fiber based on suitable host of advanced
nano-engineered rare-earth doped modified silica glass of 85-90% SiO, containing heavy
metals and semi-conductors through solution doping process followed by MCVD technique.
The aspect of such kind of future work will reveal the suppression of PD phenomena to
stabilize the lasing output power through modification of the surrounding environments of
RE ions which embedded into different nano-engineering hosts. The future work will also
focus the making of large core area upto 35.0 pm diameter nano-engineering optical fibers
with uniform distribution of phase-separated nano-particles from view point of good lasing
efficiency at high power applications.

Extended X-ray absorption fine structure (EXAFS) analyses will be carried out for
determination of the structural details of the site occupied by the Yb3* ion into such nano-
engineered glass. X-ray Absorption Spectroscopy at the Yb-Li; edge (E=8944 eV) and X-ray
Powder Diffraction measurements will be done at the GILDA-CRG beamline at the
European Synchrotron Radiation Facility (ESRF), France.

Although nano-material doping technology has opened a new way in developing novel
special optical fiber, however, as far as we know, there are few work about optical fiber
amplification based on silica fiber doped with nano-semiconductor materials. In future
work, we will demonstrate a novel special silica fiber doped with InP and ZnS
semiconductor nano-particles into the core. Due to the nano size, semiconductor nano-
particles will show remarkable quantum confinement effect and size tunable effect, which
may provide excellent amplification features. Such nanostructuration of doped fiber will be
proposed as a new route to ‘engineer’ the local dopant environment. All these results will
benefit to optical fiber components such as lasers, amplifiers and sensors, which can now be
realized with silica glass.
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