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Abstract

The different topics of this thesis include high-temperature stable fiber Bragg
gratings, photosensitivity and fiber based components.

Fiber Bragg gratings (FBG) are wavelength dispersive refractive index structures
manufactured through UV exposure of optical fibers. Their applications range from
WDM filters, dispersion compensators and fiber laser resonators for
telecommunication applications to different types of point or distributed sensors for a
variety of applications.

One aim of this thesis has been to study a new type of FBG referred to as chemical
composition grating. These gratings differ from other types of FBG in that their
refractive index structure is attributed to a change in the chemical composition.
Chemical composition gratings have shown to be extremely temperature stable
surviving temperatures in excess of 1000 oC. Photosensitivity of pure silica and
germanium-doped core fibers in the presence of hydroxyl groups has also been
studied and different types of fiber based components have been developed.

The main result of the thesis is a better understanding of the underlying mechanism of
the formation of chemical composition gratings and their decay behavior at elevated
temperatures. The refractive index modulation is caused by a periodic change in the
fluorine concentration, which has been verified through time-of-flight secondary-ion-
mass spectrometry and through studies of the decay behavior of chemical composition
gratings. A model based on diffusion of dopants has been developed, which
successfully predicts the thermal decay at elevated temperatures. Studies of the
dynamics of chemical composition grating formation have resulted in a manufacturing
technique that allows for reproducible grating fabrication.

The main results regarding photosensitivity is a method to significantly increase the
effect of UV radiation on standard telecommunications fiber. The method, referred to
as OH-flooding, has also been applied to pure-silica core fibers resulting in the first
report of strong grating formation in such fibers.

Finally, research into different schemes for developing fiber-based components has
resulted in two types of single fiber integrated Mach-Zehnder interferometers; one
passive interferometer that can be used as an optical filter and one active
interferometer controlled with internal metal electrodes.

Keywords: optical fibers, fiber Bragg gratings, photosensitivity, thermal stability,
fiber sensors, chemical composition gratings, fiber components, Mach-Zehnder
interferometer, optical switch, optical modulator.
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Thesis structure
Chapter 1 is a short introduction to the thesis, motivation and evolution of the
research.

Chapter 2 is an overview of hydrogen-glass interactions. As well as being a building
block of the universe, hydrogen has played a central role in the thesis and deserves its
own chapter.

Chapter 3 is an introduction to fiber Bragg gratings and photosensitivity and is
intended to give the reader a general understanding of different areas in the field. This
chapter deals with definitions of Bragg gratings and their applications, how they are
made and a short summary of the different theories of the mechanisms responsible for
the change in refractive index. Included is a literature review of material
considerations for photosensitive fibers.

Chapter 4 is an overview of the issues regarding the thermal stability of fiber Bragg
gratings.

Chapter 5 is a separate chapter on chemical composition gratings regarding
background, theory, manufacturing and models for their thermal stability.

Chapter 6 is a short description of different types of fiber-based components and
their applications. This chapter deals with fibers containing internal metal electrodes
and techniques for inserting such electrodes. This chapter serves as background to
Paper VIII and IX.

Chapter 7 is a short discussion of the different papers included in the thesis.

Chapter 8 concludes the thesis with a discussion of different possible applications,
field trials and implications of research results presented in the thesis.

Reproduction of thesis papers I through IX.
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1. Introduction, motivation and evolution of the thesis

The following section is intended as an introduction to the readers not familiar to the
field of fiber Bragg gratings and photosensitivity and serves as motivation for the
research performed and presented in the thesis. The second section briefly explains
the evolution and chain of events leading to the nine papers included in the thesis.

1.1. Introduction and motivation of optical fiber Bragg gratings
and fiber components

The wide use of silica based optical fibers in telecommunications has made it possible
for millions of people to have access and to share enormous amounts of information.
Services such as email, pictures, games, banking, TV and radio channels can be
transmitted or received within a very short time span. To provide for the increasing
demand of capacity, and maintaining sufficiently fast transfer of information,
telecommunication systems are continuously being upgraded with increasing
complexity. One important technology that has had a large impact on
telecommunications systems today is fiber Bragg gratings (FBGs). FBGs are
wavelength dispersive elements that can be fabricated within the light-guiding core of
optical fibers. There are a number of different FBG based components that have been
tailor-made to meet the stringent requirements of telecommunications systems. Some
typical examples of such components are; narrow band reflectors for wavelength-
division-multiplexing (WDM) and dense-WDM (DWDM) applications, fiber lasers,
dispersion compensators, loss filters for gain equalization, add-drop filters and many
more [1]. Although the telecommunications market is by far the dominant market in
both volume and revenue, FBGs are increasingly being used for sensing, measuring
e.g. temperature and strain [2]. Advantages of FBG as sensors are that they are
immune to electrical disturbances, are small in size allowing for integration into
different materials and structures, and the actuator is already integrated in an
information-transmissive medium.

Bragg gratings are refractive index structures manufactured by exposing the core of
an optical fiber to intense periodic ultraviolet radiation. The ability to change the
refractive index with radiation is referred to as photosensitivity. Although
photosensitivity in optical fiber has been extensively studied over several decades,
there is still no unified theory for the physical and chemical mechanisms responsible
for the changes in refractive index. One explanation of the lack of a unified theory is
that the photosensitive response may differ significantly depending on several factors
such as the type of fiber, prior treatment of the fiber, UV writing wavelength and the
UV laser writing power (chapter 3).

In most cases, the ideal situation would be to inscribe gratings into the low-loss
standard telecommunications fiber that are used in optical networks today. This would
enable 100 % fiber compatibility and the use of low-cost mass-produced fibers.
However, standard telecommunications fibers used today have a very low
photosensitivity. Solutions to this problem have been to design special photosensitive
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fibers and/or methods to make non-photosensitive fibers more sensitive to UV
radiation.

Another issue that has been a concern for the deployment of fiber Bragg grating
devices has been the lifetime of the grating (chapter 4 and 5). It was found that when
increasing the ambient temperature that the grating reflectivity started to decay and
did not completely stabilize even for long treatment times. Additional increase in
temperature resulted in an even larger decrease in reflectivity. Although the gratings
appeared to be stable at room temperature, this behavior placed significant limitations
on deployment, considering the required lifetime of some components in the
telecommunications industry exceed several decades. The problems facing sensor
applications are even more stringent, as the temperature of the sensor may very well
exceed the typical –40 to +80 oC temperature requirements for telecommunications.

1.2. Evolution of the thesis

In 1996, research performed at the Institute of Optical Research (now Acreo AB)
resulted in a novel type of fiber Bragg grating. These fiber gratings showed superior
temperature stability compared to other types of known gratings. The refractive index
changes of these gratings were believed to result from a redistribution of dopants
within the core, fluorine in particular, resulting in a periodic change of the refractive
index. Although these gratings were soon used in field trials for different projects
involving temperature and strain monitoring at elevated temperatures, little was
known about these gratings at the time. The aim of the thesis was therefore do study
these gratings in order to gain insight of the underlying mechanisms of refractive
index change and their behavior at elevated temperatures (Paper I, II and III).

The fabrication of these gratings, referred to as chemical composition gratings,
involves chemical reactions with in-diffused molecular hydrogen and requires thermal
processing at temperatures near 1000 oC. As the grating is a phase structure,
temperature variations within the heating zone need to be small. In addition, to
maintain the mechanical strength of the heat-treated fiber, the heated length should be
kept minimal and preferably be treated in an inert atmosphere. For these reasons,
traditional ovens could not be used and a specially designed process oven was built
(Paper IV). To study the formation of chemical composition gratings, in particular
the effect of hydrogen interactions on the redistribution of fluorine in optical fibers, an
analysis technique to measure dopant distribution in optical fibers was required.
Traditional analysis techniques have limitations regarding sensitivity or resolution due
to the light fluorine atom and the small dimensions of the core of optical fibers. For
this reason, time-of-flight secondary ion mass spectrometry (ToF-SIMS) was
evaluated concerning dopant profiling of optical fibers (Paper V).

As a step towards understanding the formation of chemical composition gratings,
studies of hydrogen interactions within hydrogen loaded optical fibers when
processed at temperatures up to 1000 oC were performed. The process, referred to as
OH flooding, showed that a large and controlled amount of hydroxyl species could be
formed within the core of the fiber. As photosensitivity in optical fibers has been
associated with different types of defects, this heating process was applied to a
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standard telecommunications fiber in order to increase the photosensitivity. The
results showed a significant increase in the photosensitive response (Paper VI).

Photosensitivity is generally associated with fibers containing germanium and
germanium-related defects although there has been a great deal of research effort for
finding new dopants to further increase the photosensitivity. To further evaluate the
effect of OH flooding on photosensitivity tests were performed using pure-silica core
fibers. Although containing no germanium or other dopants in the core, strong
gratings were successfully manufactured in these fibers (Paper VII).

In addition to a large increase in photosensitivity, OH flooding results in a large and
controllable change in the refractive index of the core. This effect was used to make a
Mach-Zehnder interferometer integrated into a single piece of standard
telecommunications fiber (Paper VIII).

The last paper of the thesis (Paper IX) differs slightly from the previous publications.
The paper deals with fiber based components which can be viewed as a combination
of several different technologies. The main aim of this work was to extend the
functionality of optical fibers. As telecommunication systems become more complex,
the use of tailor-made materials, special processing techniques, micro-mechanical
designs, Bragg gratings and specialty fibers are combined to enable extraction of
specific optical functions from fiber components. There is a vast number of
possibilities and combinations to enable fiber-based components to perform a specific
task. In addition, the increasing complexity of optical networks also requires active
optical components to enable flexibility and adaptability to changing conditions. A
few examples of active components are switches, modulators, variable attenuators and
amplifiers. By combining a special method for inserting metal electrodes into side-
hole fibers with multiple cores a 1 meter long single-fiber electric-field controllable
Mach-Zehnder interferometer was designed and evaluated (Paper IX).
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2. Hydrogen interactions with silica glass

There has been a wide interest in hydrogen interactions with silica glass, and glass in
general, due to the effects on fatigue (weathering), mechanical strength, resistance to
ionizing radiation, optical absorption and defects generation (see e.g. [1]). For
telecommunications, the main issues regarding hydrogen interactions with silica based
fibers are the detrimental effects on signal transmission and the use of hydrogen
loading for increased photosensitivity (see chapter 3.5). The aim of this section is to
give a general overview of hydrogen interactions with silica glass and silica based
fibers regarding optical losses, diffusion properties and chemical reactions.

The chemical reactions discussed in this chapter, especially figure 2.9, have been the
basis of the understanding and development of the chemical composition gratings
described in chapter 5.

2.1. Optical losses

Today the most critical loss mechanism in modern telecommunications fibers is
hydrogen contamination. Typical sources of hydrogen are ambient water, hydrogen
gas from oxy-hydrogen torches used in manufacturing or contamination from the
original material such as the deposition tube used in modified chemical vapor
deposition (MCVD) [2]. The main hydrogen and deuterium related absorption bands
are shown in table 2.1. Deuterium is often used to reduce the absorption in the
telecommunications windows. When the hydroxyl groups is attached to germanium,
the first overtone is shifted to ~1.41 µm and for phosphorous the band is shifted to 1,6
µm (see table 2.2). Typically a loss figure of 50 dB/km/ppm wt OH measured at
~1.37 µm can be expected while for the fundamental absorption peak (at 2,7 µm) the
value is 0.1 dB/cm/ppm wt OH [3].

Si-OH Si-OD
2.7 µm fundamental 3.7 µm fundamental
1.37 µm 1st overtone 1.87 µm 1st overtone
1.27 µm combination tone ~1.67µm combination tone
0.95 µm 2nd overtone 1.26 µm 2nd overtone
0.66 µm 3rd overtone

Table 2.1  Absorption bands of Si-OH and Si-OD [3].

Hydroxyl 1st overtone
Si-OH 1.37 µm
Ge-OH 1.41 µm
P-OH 1.6 µm

Table 2.2  Absorption bands of hydroxyl species for different dopants [3].
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The hydrogen molecule (H2) is not infrared active due to the symmetry of the
molecule. However when incorporated into the glass, interaction with the silica lattice
results in several absorption features (see table 2.3). These absorption peaks, which
have much lower absorption than OH-groups, have their first overtones near 1,2 µm,
with the largest peak located at 1,24 µm.  The spectrum of these absorption peaks
depends somewhat on co-dopants [4], but an approximate method to calculate the
concentration of molecular hydrogen in fibers is to measure the hydrogen induced
absorption at 1,24 µm according to the following equation,

24.133.0
2

α⋅≈HC , Eq. (2-1)

where CH2 is the concentration of molecular hydrogen in mol% and α1.24 is the
absorption at 1.24 µm measured in dB/m [5].

H2 in silica D2 in silica
2,4 µm fundamental 3,36 µm fundamental

1,245 µm 1st overtone 1,716 µm 1st overtone
0.881 µm 2nd overtone 1.244 2nd overtone

Table 2.3.  Main absorption bands for H2 and D2 in silica [3].

2.2. Diffusion of hydrogen in silica

When placing silica glass in a hydrogen containing ambient, hydrogen molecules
diffuse into the glass network. Diffusion of hydrogen takes place without any
significant amount of chemical reactions as long as the temperature is low enough.
The hydrogen molecules are located in interstices in the silica lattice and the diffusion
in silica follows an Arrhenius behavior, as described by the following equation.

�
�

�
�
�

�−=
RT
EDD aexp0 , Eq. (2-2)

where D0, the pre-exponential constant, can be considered independent of temperature
and Ea is the activation energy for the diffusion process. The following table gives
typical values for hydrogen and deuterium diffusion in silica.

H2 in silica D2 in silica
D0 5.65·10-4 cm2s-1 D0 5·10-4 cm2s-1

Ea 43.54 kJ/mole Ea 43.96 kJ/mole

Table 2.4. Diffusion parameters for H2 and D2 in silica [3].
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2.3. Diffusion of hydrogen in optical fibers

Solving the diffusion equation for a cylindrical structure results in the equations
shown below. The equations describe the normalized radial concentration for in-
diffusion (Eq. 2-3) and out-diffusion (Eq. 2-4) of a mobile substance using the
boundary conditions of constant radial concentration at time equals zero, i.e. C=0 or 1
depending on in-diffusion or out-diffusion [6].

( ) ( )
( )�

∞

=

−−=
1 1

0
2exp21

n nn

nn

aJ
rJtD

a
C

αα
αα  (2.3)

for in-diffusion and

( ) ( )
( )�

∞

=

−=
1 1

0
2exp2

n nn

nn

aJ
rJtD

a
C

αα
αα  (2.4)

for out-diffusion where C is the concentration, a is the fiber radius, D is the diffusion
coefficient, t is time and αn are the roots of J0(aαn). J0 and J1 are the Bessel function of
order zero and one respectively. In figure 2.1, a simulation of the time dependence of
hydrogen in-diffusion is shown. The figure shows the normalized concentration of
hydrogen versus normalized radius for different times at a temperature of 50 oC. The
fiber radius used in the simulation was 62.5 µm, i.e. standard fiber dimensions.
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Figure 2.1 Normalized hydrogen concentration vs. normalized radius for different
times at a temperature of 50 oC. The fiber radius used in the simulation was 62.5 µm.
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2.4. Hydrogen interactions with silica glass

2.4.1. Thermally induced reactions

If hydrogen loaded fibers are exposed to temperature above ~150-250 oC, thermally
induced reactions can occur. Hydrogen is assumed to react with a limited number of
pre-existing sites [7,8,9]. In thermally treated hydrogen-loaded germanium doped
silica samples Awazu et al [10] found a linear dependence between the thermally
induced hydroxyl concentration and the absorption at 5.14 eV (242 nm). They
proposed the model for the reaction as shown in figure 2.2.

Figure 2.2  Proposed model for thermally induced hydroxyl groups and Ge-defects in
Hydrogen loaded bulk glass. T is either Si or Ge and GLPC-Germanium Lone Pair

Center [10].

The maximum achievable concentration of hydroxyls species is generally higher if the
silica glass is doped with germanium or phosphorous while lower if doped with
fluorine [3].  Examples of the dynamics of hydroxyl formation when rapidly heating
hydrogen-loaded fibers at elevated temperatures is shown in figure 2.3 and 2.4. The
data are recorded by monitoring the absorption change of the first overtone of the
hydroxyl band using a standard telecommunications fiber (figure 2.3) and pure-silica
core fiber (figure 2.4). In both situations, the hydrogen concentration was
approximately 0.75 mol% H2.  As can be seen, the maximum concentration of
hydroxyl species is much higher in the germanium-doped fiber. The reason for this
may be the weaker Ge-O bond or a higher concentration of defects. The decay of the
hydroxyl absorption which follows continued heating is a result of diffusion of
hydroxyl species or possibly molecular water out from the core (see e.g. Paper VI)
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O           O      T
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O            
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O     
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2 HO      T



9

Figure 2.3  Dynamics of optical loss due to hydroxyl formation at different
temperatures in standard telecommunications fiber [11].

Figure 2.4 Dynamics of optical loss due to hydroxyl formation at 1000 oC in pure
silica core fiber [Thesis paper VI].



10

In addition to hydroxyl formation, hydride formation may also take place (see e.g.
[12]). The proposed model for formation of hydride species is shown in figure 2.5.

Figure 2.5 Hydroxyl and hydride formation in silica glass [12].

2.4.2. UV induced reactions

UV exposure of hydrogen loaded fibers generally results in the same hydrogen related
species as those formed in thermally induced reaction. A proposed model of the UV
induced hydroxyl groups in germanium doped silica is that the Ge-O bond is exited
through absorption of a photon. A nearby hydrogen molecule can then react with the
excited bond to form a hydroxyl group, germanium-defect (GeE´center) and atomic
hydrogen [13,14]. The two steps in the process are shown in figure 2.6. Hydride
species have also been observed after UV exposure, although with much lower
concentrations compared to that of hydroxyl. The suggested mechanism for hydride
formation is an additional step where hydrogen reacts with the GeE´center [14, 15].
This second process could be thermally driven as GeE´centers reacts with hydrogen
above room temperature [16].

Figure 2.6 Proposed model for UV induced hydroxyl groups and Ge-related defects
[14,15,16].

2.4.3. Diffusion of water and hydroxyl groups in silica

Molecular water diffuses through interstitial diffusion and reacts with the silica lattice
to form hydroxyl groups (OH) [17,18]. The diffusion mechanism is depicted in figure
2.7. Due to the reaction-diffusion mechanism, measured diffusion coefficients for OH
diffusion is the effective diffusion constant for OH and water. The equilibrium of
molecular water and hydroxyl groups depends on both concentration and temperature.

When molecular water diffuses into silica and reacts with the glass network, several
different processes occur. It has been shown that water accelerates structural
relaxation and efficiently annihilates oxygen vacancies [19]. The later process is
schematically shown in figure 2.8.

Ge       O       Si         +                     Ge       . . .       O       Sihν

Ge       . . .       O       Si          + H
2

Ge      H     O       Si       +H

Si  -  O  -  Si       + H                     
2

Si  -  OH   +   H - Si 
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Figure 2.7 Schematic mechanism of water diffusion in silica glass [18,19].

Figure 2.8 Annihilation of oxygen vacancies from diffusion of molecular water [20].

2.4.4. Reduction of hydroxyl species in fluorine doped silica glass

It is well known that co-doping silica fibers with fluorine reduce the hydroxyl
absorption peak [21]. The reduction of hydroxyl groups (removal of the proton) in
silica during manufacturing has been suggested to result from HF formation according
to the reaction shown in figure 2.9 [22].

Figure 2.9  Schematic of the suggested mechanism for the reduction of hydroxyl
groups in fluorine doped optical fibers [21].
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If one considers the equilibrium between hydroxyl groups and molecular water
(shown in figure 2.7), an additional and similar path resulting in the formation of HF
molecules may be possible as shown in figure 2.10. Here fluorine acts as a transport
ion for a proton. The process can be viewed as an ion exchange between the F ¯ and
OH ¯.

Figure 2.10  Schematic of suggested mechanism for hydrogen reduction in fluorine
doped silica.

Si - F  +  H O                    Si - OH   + HF
2
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3. Fiber Bragg gratings and photosensitivity

Bragg gratings are refractive index structures manufactured by exposing the core of
an optical fiber to intense periodic ultraviolet radiation. The ability to change the
refractive index with radiation is referred to as photosensitivity. This chapter is an
introduction to fiber Bragg gratings and photosensitivity and is intended to give the
reader a general understanding of different areas in the field. The chapter deals with
definitions of Bragg gratings and their applications, how they are made and a short
summary of the different theories of the mechanisms responsible for the change in
refractive index. Included is a literature review of material considerations for
photosensitive fibers.

3.1. Fiber Bragg gratings

The simplest fiber Bragg grating structure in optical fibers is an axial and periodic
change of the refractive index of the core, as shown schematically in figure 3.1, with a
refractive index modulation given by:
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π , Eq. (3-1)

where navg is the average refractive index of the structure, ∆n is the modulation
amplitude, z is the axial position and Λ is the geometrical grating period.

Figure 3.1 Schematic of refractive index modulation and effective refractive index of
the grating structure.

The reflected wavelength of such a structure is given by Λ=λ avgB n2 , where navg is
the average, or effective index of core along the grating. The spectral reflectivity of
the grating, solved using coupled-mode theory, is given by:
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where L is the grating length, λ is the reflected wavelength and η is the overlap
between the fundamental mode and core [1]. Typical values of η are η = 0.8-0.9. The
spectral full-width half-maximum of the grating is given by:
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where N is the number of fringes (typically N~20 000 for a 10 mm long grating) and
the pre-factor s is s~0.5 for weak gratings and s~1 for strong gratings [2]. A simulated
reflection spectrum of a 10 mm long grating with a uniform index modulation of
∆n=1·10-4 is shown in figure 3.2.  By controlling the refractive index modulation and
average refractive index along the grating the spectral properties of the grating can be
tailored to give desired properties (see e.g. [3]).

Figure 3.2  Simulation of the reflection spectra of a 10 mm long uniform grating as a
function of wavelength (∆n=1·10-4).

3.2. History

In 1978 Hill and coworkers reported the first observation of photosensitivity in optical
fibers when exposing a germanium doped silica core fiber with coherent counter
propagating light from an argon-ion laser at 488 nm wavelength [4]. The result was a
periodic change in the refractive index corresponding to the period of the interference
pattern generated by the two beams. As the light reflected from the gratings is the
same wavelength as that used to write the grating, this technique is limited to
applications using wavelengths at or near the writing wavelength. It was not until
1989 when Meltz et al [5] presented the transverse holographic method using a
writing wavelength of 244 nm that it was possible to write gratings at wavelengths
other than the writing wavelength. Previous studies of the growth dynamics of the
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grating strength, when using counter propagating waves, showed that the
photosensitivity using 488 nm wavelength was a two-photon process [1].  The writing
wavelength of 244 nm used by Meltz et. al. coincided with a germanium oxygen-
vacancy defect band and the second harmonic of the wavelength used by Hill. Since
the discovery of photosensitivity in optical fiber by Hill and the developments of the
transverse holographic writing method by Melts, thousands of articles have been
published concerning photosensitivity and Bragg gratings. Articles include different
grating writing schemes and grating structures, the underlying mechanisms of
photosensitivity, defect absorption and luminescence and numerous applications of
fiber Bragg gratings (see e.g. [3, 6] ).

3.3. Classification of fiber Bragg gratings

Several different types of fiber Bragg gratings have been reported. The following
sections briefly describe two different classification schemes based on the coupling
characteristics and the growth behavior of the grating during manufacturing [3,6].

3.3.1. Classification by coupling characteristics

There are three different types of basic gratings depending on the coupling function.
The Bragg gratings described previously are usually referred to as short period
gratings. The grating period is typically 0.25-0.5 µm with the light coupled into the
backward propagating direction, reflection. By tilting the fringes of short period
gratings, it is possible to couple light out from the core into backward propagating
radiation modes. These loss gratings are usually referred to as slanted or tilted
gratings. Such gratings have been used for gain equalization in erbium-doped fiber
amplifiers [7].

A third type of gratings is referred to as long-period gratings [8]. These gratings have
a period that is typically 100-500 µm and the light is coupled into forward
propagating cladding modes. Acting as loss filters, these gratings are typically used
for gain equalization. Due to the long period of the grating, they can be successfully
manufactured using point-by-point writing with either UV exposure or heat. For local
heating of the fiber, a CO2-laser or an electric-arc discharge can bee used [9].

3.3.2. Classification by growth characteristics

There is also a classification scheme used depending on the growth behavior of the
grating during inscription. This scheme is mainly used to describe short-period
gratings. Prior the discovery of photosensitivity in fibers, surface relief gratings was
used for some applications. Here a surface corrugation/modification of cladding near
the core results in interacting with the evanescent field causing strong reflection.
These gratings were typically manufactured through etching or polishing [10].

Type 0 gratings or Hill gratings, are the self-organized gratings, discovered by Hill et.
al. [4], formed by launching light in the fiber from which partial reflection at the
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cleaved fiber end-face creates the periodic interference pattern. As the grating is
formed more light will be reflected within the fiber and hence increase the growth rate
of the grating. These gratings have limited use, as the writing wavelength is also the
Bragg wavelength of the grating.

Type I gratings refers to the most common gratings characterized by a monotonous
growth.

Type II gratings are high power single-pulse “damage” gratings characterized by
large losses on the short wavelength side of the Bragg wavelength [11]. The damage
is often localized at the core-cladding interface.

Type IIa gratings are characterized by the fact that the reflection initially grows as for
type I gratings then decreases followed by a subsequent growth. Also referred to as
negative index gratings, these gratings probably contain two components; one positive
index grating (type I) and one negative index grating [12].

Chemical composition gratings (CCGs) (thesis papers I, II and II) do not clearly fit
into any of the grating types defined above. The optical properties of the final grating
do not differ from type I and type IIa, however the manufacturing procedure, growth
of refractive index and thermal properties differ significantly. The refractive index
modulation is ascribed to a periodic variation of one or several dopants in the core.
The decay mechanism of chemical composition gratings requires diffusion of the
modulated dopants and therefore these gratings show exceptional thermal stability
(see chapter 5).

3.4. Mechanisms of photosensitivity

This section is intended as a short summary of the main models to clarify different
suggested mechanisms for photosensitivity. For further reading, see e.g. [3,6,13] and
references within.

3.4.1. Color-center model

Photosensitivity in germanium doped fibers was early on associated to an absorption
band peaking at ~240 nm [5] which was attributed to germanium-oxygen deficiency
[15]. Irradiating the core, using near 240 nm wavelength, results in bleaching of the
240 nm band and growth of absorption bands located near 190 nm. An example of
changes in the absorption of germanium doped silica after 248 nm UV irradiation is
shown in figure 3.3 [16]. Using the Kramers-Kronig relation, Hand et al [17] and later
Dong et al [18] linked these absorption changes in the UV region to the change in
refractive index. A number of different defects have been observed of which the most
commonly discussed are schematically shown in figure 3.4. Associated absorption
bands for some of the main defects are given in table 3.1. Generally oxygen deficient
centers (ODC) are precursors and GeE´, Ge(1) and Ge(2) are products of the
photochemical processes although there are numerous different photochemical
pathways, which have been presented to explain transformation of defects and the
glass structure.
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Figure 3.3 Change in UV absorption spectra after 248 nm exposure
(from [16]).
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Figure 3.4  Schematic structure of some defects related to photosensitivity (GODC –
Germanium oxygen deficient center, NBOHC – Non bonding oxygen hole center, DID

– Drawing induced defect). See e.g. [6,19,20].
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Defect absorption peak Ref.
GODC – wrong bond 240 nm/ 5 eV [6,21]

GeE´ 195 nm /  6.4 eV [6,15]
Ge(1) 281 nm/ 4.4 eV [6,15]
Ge(2) 213 nm/ 5.8 eV [6,15]

Table 3.1  Associated absorption bands for the most common defects related to
photosensitivity.

3.4.2. Stress relaxation model

As the refractive index of silica glass changes due to the stress-optic effect, relaxation
of stress will consequently result in a change in refractive index [19]. Due to material
properties and manufacturing procedures, optical fibers may have highly stressed
regions. The residual stress arise from difference in the thermal expansion between
core and cladding regions (thermoelastic stress) and due to difference in transition
temperature (Tg) in combination with the applied tension during fiber drawing
(mechanical stress).

In a fiber with a core having a higher thermal expansion coefficient than to the
cladding (αT-core > αT-clad), the contraction of the core as the fiber cools down will be
restricted by the cladding glass. The situation will be the opposite if the core has a
lower thermal expansion than to the cladding. As the stress integrated over the fiber
will be zero, the residual stress in the different regions depends on the ratio of their
area. The mechanical stress is a result of the tension used to extract the fiber from the
drawing furnace. The drawing tension will essentially be applied to the region that
solidifies first while the remaining glass with the lower transition temperature (Tg)
will solidify once the temperature has decreased sufficiently. When the drawing
tension is released, the fiber will contract resulting in a compressive stress in the
regions with a lower Tg. For a more complete treatment of residual stress in optical
fibers, see e.g. [22].  Estimated refractive index change due to stress relaxation in
highly stressed fiber is in the order of ∆n~10-3 [23]. There is however, some debate on
whether UV induced stress relaxation is a mechanism involved in photosensitivity or
not (se following section on densification). For fabrication of long-period gratings
using point-by-point heat exposure, the mechanism of stress relaxation is more
obvious. LPG’s have successfully been fabricated in pure silica core fibers [24, 25]
and boron-germanium doped fibers [26,27] by thermal relaxation of drawing induced
stress using a CO2-laser or arc-discharge.

3.4.3. Densification-compaction model

Exposing amorphous silica to ultraviolet irradiation is known to result in
compaction/density changes of the glass matrix [28]. In a study of silica glasses for
lithography applications it was determined that UV induced densification was
proportional to the softening temperature for a series of different silica based glasses
[29]. UV induced densification in germanium doped silica preforms and fibers have
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been observed e.g. using atomic force microscope [30], transmission electron
microscope [31] and indirectly through changes in the Raman spectra [32] and
changes in core tension [33]. For the latter, an increase in refractive index was
correlated to an increase in tensile stress in the core, which could be linked to a
compaction of the core. For a wider discussion on photosensitivity and densification,
see e.g. ref. [34].

3.5. Increasing photosensitivity

The following section is a short description of the main methods used for increasing
the photosensitive response of optical fibers. The methods include hydrogen
treatment, thermal treatment, mechanical treatment, and preform manufacturing.

3.5.1. Hydrogen treatment

High temperature hydrogen treatment of preform

The absorption at 5 eV, corresponding to oxygen-deficient defect absorption, was
shown to increase by heating a highly germanium doped preform in hydrogen
atmosphere [35]. The 1.2 cm long preform was heated in a hydrogen atmosphere at
610 oC for 75 hrs. Fibers drawn from this preform showed significantly higher
photosensitivity compared to untreated preform.

Low-temperature hydrogen loading

When placing a fiber in a high-pressure hydrogen atmosphere at room temperature,
hydrogen molecules will inertly diffuse into the glass network. Loading the fiber with
hydrogen prior to UV exposure significantly increases the photosensitivity [36]
Refractive index changes as high as ∆n~6·10-3 were reported for standard hydrogen
sensitized telecommunications fiber. The increase in photosensitivity was suggested
to come from thermally induced reactions, resulting in Si-OH and bleachable GODCs
and photolytically driven reactions resulting in Si-OH and germanium related defects.
Using hydrogen loading removes the requirement of using UV wavelengths
coinciding with defect absorption bands for accessing photosensitivity [37]. Low-
temperature high-pressure hydrogen-loading or simply hydrogen loading, is the most
common method used for increasing the photosensitivity.

Flame brushing

Flame brushing involves localized heating of fibers and waveguides using a hydrogen
rich flame [38]. The technique results in a large increase in the UV absorption spectra
including the 240 nm absorption band. The increased photosensitivity is likely due to
in-diffusion of hydrogen and hydroxyl species into the core resulting in increased
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defect absorption. The drawback of this method is the mechanical degradation of the
fiber after prolonged processing. For example, for an estimated temperature of ~1700
oC, the process took roughly 20 minutes for maximum efficiency when sensitizing a
standard telecommunications fiber.

Writing at elevated temperatures

Heating hydrogen loaded fiber during grating fabrication results in enhanced
photosensitivity compared to hydrogen loading only. The photosensitivity of
hydrogen loaded GeO2 and P2O5 doped fibers increased significantly when heated at
250-400 oC [39]. The moderate heating in combination with UV exposure during
writing results in a dramatic increase in hydroxyl formation whereas moderate heating
alone does not.

UV pre-exposure followed by hydrogen out-diffusion

Using fringeless UV exposure of hydrogen loaded fibers, a permanent and
controllable increase in photosensitivity can be obtained even after the remaining
hydrogen has been removed [40,41]. This result can be partially understood
considering the previous sections where heat or UV exposure results in both hydroxyl
formation and defect generation. By controlling the exposure conditions, axial
variations of the photosensitive response can be produced. This technique has also
shown to render phosphorous doped fibers photosensitive. However, in the case of
UV pre-exposure of phosphorous doping the mechanism for enhanced
photosensitivity is suggested to be different. For phosphorous doped fibers a similar
technique has been used where the UV exposure is replaced by thermal treatment at
~80 oC. [42]

OH flooding

A large increase in photosensitivity can also be obtained by significantly increasing
the hydroxyl concentration in the core of the fiber. The process, referred to as OH
flooding (Paper VI), is achieved by rapid (<1 sec) heat treatment at 1000 oC of
hydrogen loaded fibers. The technique can be compared to high-temperature
hydrogen-treatment of the preform and flame brushing. The advantage of OH
flooding is that hydrogen diffusion takes place at low temperatures while the high-
temperature treatment is minimal. The result is that very high concentrations of
hydroxyl groups can be formed in the core while effects in the cladding are minimal.
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3.5.2. Thermal treatment

CO2 laser treatment

Exposure of germanium doped silica films [43] and fibers [44] to CO2 laser
irradiation has shown to result in an increase of the 240 nm absorption band. In
addition to an increase in photosensitivity, the refractive index also increases.

3.5.3. Mechanical treatment

Applied strain on photosensitivity

Applying strain (∆L/L = 0- 6.7·10-3) during grating writing to highly germanium
doped fibers (11.5 and 28 mol% GeO2) the reflectivity of the type I grating spectra
decreased while the onset, rate and amplitude of the type IIa grating increased [45].
Similar observations have been made showing an approximately linear decrease in
type I grating saturation index with applied strain [46].

On the contrary, by applying large strains, 3 to 3.3 %, on different fibers (AT&T
standard fiber, B2O3-GeO2 fiber (Fibercore) and high GeO2 containing fiber
(Fibercore)) during UV irradiation a significant increase in type I photosensitive was
reported [47]. Measurements of the residual stress in the core after UV-exposure
showed opposite sign for fibers with and without applied strain. In the unstrained fiber
the core, which was initially in compression, relaxed during UV exposure. For the
strained fiber the core had a higher degree of compression, measured after releasing
the strain, compared to unexposed regions.

3.5.4. Preform manufacturing

Reduced atmosphere

With photosensitivity closely associated with GODCs, attempts to increase these
defects during preform manufacturing have been made. The formation of GODC is
governed by the equilibrium GeO2 ↔ GeO + ½O2, and using a reducing atmosphere
during preform manufacturing a large increase in defect absorption can be achieved.
[48]. This technique is commonly used when manufacturing photosensitive fibers
today.

3.6. Literature review of material considerations

The following section gives a short summary of some different dopants and their
reported effects on photosensitivity. Considering the numerous articles published on
the topic, the dopants discussed are limited and the list is in no way complete. For
instance, rare earth doped glass and multi-component glasses are not included here.
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B – Boron

Co-doping silica fibers with B2O3 and GeO2 results in highly photosensitive fibers
[49]. Addition of B2O3 to GeO2 doped silica does not alter the 240 nm UV absorption
band characteristic for germanium doped fibers. However, for B2O3 concentrations
more than 10 mol% the 240 nm absorption band is reduced (17-18 mol% GeO2). In
B2O3-SiO2 glass, no absorption band is present at 240 nm and the UV absorption
starts to increase at ~190 nm. [48] The enhancing mechanism of B2O3-codoping has
been attributed to densification enhancement due to stress effects [50], to soften the
glass making more plausible a structural rearrangement of defects and consequently
of the glass network. The germanium-oxygen deficient centers (GODC) are proposed
to be transformed into drawing induced defects (DID’s) [51].

The drawback of B2O3-codoping is a lower thermal stability compared to GeO2
doping alone (see e.g. [52,53]). Large changes in refractive index due to fiber drawing
conditions also impose a problem on the thermal stability of these gratings, especially
concerning wavelength stability. In ref [54] the wavelength stability of gratings in
B2O3-GeO2 doped fibers was studied and found to be dependant on two components.
One component was the thermal decay of the UV induced refractive index modulation
causing a negative wavelength shift, while the second component was due to a
relaxation of the B2O3-GeO2 silica glass causing a positive wavelength shift (∆n>0).
The second component appears to be active at temperatures as low as 100 oC.

Enhanced photosensitivity in B2O3-GeO2 silica fibers with increased fiber drawing
tension has been reported [55] and thermal release of drawing induced stress has been
used for fabricating long period gratings (LPG’s) [56].

N – Nitrogen

In 1997 Dianov et. al. [57] presented highly photosensitive nitrogen doped
germanosilicate fibers (7 mol% Ge – 0.1 at% N silica ). Refractive index changes of
∆n=2.8·10-3 were achieved for an irradiation dose of 75 kJ/cm2 at 244 nm wavelength
using fibers without hydrogen loading. When hydrogen loaded, the result was
∆n=1·10-2. A large amount of hydrogen in N-doped fibers could pose a problem, as
the N-H bond has an absorption in the third telecommunications window at a
wavelength of λ~1506 nm (1st overtone) [58,59]. Grating formation has also been
reported in Ge free N doped fibers using 193 nm wavelength (∆n=8.4·10-4, no H2-
loading) [60]. The grating formation dynamics follows type IIa behavior, and show
high thermal stability (>1000 oC). Gratings grow according to type I grating behavior
when hydrogen loaded, but show no improvement in photosensitivity (∆n=3.5·10-4 for
irradiation dose of 15 kJ/cm2).

“Ultra thermally stable” LPG’s have been formed in N doped silica fibers by CO2
laser or arc discharge [61]. The thermal stability of these gratings exceed 1000 oC and
are believed to be of the type chemical composition gratings. The mechanism behind
the thermo-diffusion was believed to be the weaker bond of Si-N compared to Si-O
resulting in decomposition of silicon oxynitride glass at a temperature of about 1800
oC.
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F – Fluorine

Fluorine in not generally used as a codopant for enhancing photosensitivity possibly
because of the decrease of the GODC absorption band at 240 nm [48]. Fluorine has
been used as a refractive index decreasing dopant to manufacture fibers with
photosensitive core and cladding [62].  For SiO2 glass, Hosono et al [63] show a
significant decrease in UV absorption (blue shift) and in concentration of SiE´ centers
when doping with up to ~1 mol% fluorine. The explanation of the shift in UV
absorption (shift in bandgap) is attributed to a reduction of strained Si-O-Si bonds by
a reduction of 4- and 3-membered rings, suggesting a more open structure for fluorine
doped silica. Raman spectroscopy showed that fluorine doping resulted in a decrease
in the D1 (495 cm-1) and D2 (606 cm-1) band corresponding to the 4- and 3- membered
ring structures. It is also believed that the strong Si-F bond results in increased
resistance to ionizing radiation (see e.g. [64,65]).

Al – Aluminum

Absorption measurements in MCVD preforms show that Al2O3 does not cause any
significant absorption at 240 nm. However, an increase in the absorption at
wavelengths lower than 220 nm is evident. Addition of Al2O3 to GeO2 doped silica
reduces the 240 nm absorption band and results in an absorption band centered at 205
nm [48].
In ref [66], a cladding-mode-suppressing fiber is designed with a constant
photosensitivity across core and inner cladding. Here Al2O3 is used in the core as an
index modifying dopant with negligible effect on photosensitivity while a constant
concentration of B2O3-GeO2 in core and cladding provides a homogeneous
photosensitivity with a cladding refractive index matched to silica.

Photosensitivity of Al2O3-SiO2 fibers is often reported in combination with
lanthanide’s such as Ce, Tb, Er, Tm, Yb (see e.g. [13]).

SiO2 – Silica

Formation of long period gratings in pure silica core fibers has been reported [67].
Here periodic residual stress relaxation was achieved using an arc discharge resulting
in an increase in refractive index. With a pure silica core and fluorine depressed
cladding, an increase in drawing tension results in a tensile stress of the core and
therefore a reduction in refractive index.

Densification and generation of SiE´ center in pure SiO2 have been reported [68]
yielding index changes in the order of ∆n~5·10-5. Increased photosensitivity using 193
nm wavelength in high-purity fused silica after Si2+ ion implantation has also been
reported [69] and correlated through absorption changes with the Kramers-Kronig
relation. In [70] Kannan et. al. identify a distribution of non-bonding oxygen-hole
centers (NBOHC’s) to be located in the core-cladding region in dry silica core fibers
with F-depressed cladding.
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There is currently only one report of strong grating formation (∆n~5·10-4) in pure
silica core fibers, using a writing wavelength of 193 nm (Paper VII). It is believed that
drawing induced stress may play an important role in the large index change in this
case.

P – Phosphorous

Phosphorous doping does not result in any pronounced absorption features at 240 nm,
but produces a weak band centered at 210 nm. The absorption peak at 240 nm in
germanium doped silica co-doped with phosphorous is significantly reduced [48].
Photosensitivity in phosphorous doped silica has been observed in hydrogen or
deuterium loaded fibers and waveguides after long exposure times [71]. It has also
been shown that the photosensitivity in phosphorous doped fibers increases with
temperature (∆n=3·10-4 for room temp, ∆n=4.5·10-4 for 250 oC, ∆n=7·10-4 for 400 oC
using 248 nm) [39]. Transient gratings have been observed in phosphorous doped
fibers and permanent gratings only when hydrogen loaded (193 nm irradiation) [72].
Increase in photosensitivity is achieved by different hydrogen treatment techniques
including UV pre-exposure followed by hydrogen out-diffusion [73] and thermal
treatment (~80 oC) of hydrogen loaded fibers followed by hydrogen out-diffusion
[74].

LPG’s have been also been fabricated in phosphorous doped silica fibers by
thermoactivated diffusion using a CO2 laser [75].

S – Sulfur

LPG formation in 0.4 wt% S – 2 wt% Cl doped silica using electric arc technique, has
been achieved, however no grating formation using 248 nm KrF laser exposure could
be detected [76]. The “electric arc photosensitivity” was increased by annealing the
fibers at ~1000 oC and the suggested mechanism for refractive index change was a
change in fictive temperature resulting from high cooling rate.

Cl – Chlorine

Chlorine, which has an index raising effect on silica, is usually incorporated in low
concentrations during fiber manufacturing. For MCVD fiber, the source is the
chlorine containing dopant precursors while for OVD and VAD fiber chlorine is
incorporated during the drying process (heated in Cl2 gas). Chlorine is incorporated as
Si-Cl and results in a decrease of the D2 Raman band at 606 cm-1, associated with
three-membered ring structures [77]. However, increasing the concentration above 2
mol% results in an increase in the D2 band. Defect absorption studies of chlorine
doped silica show an absorption band at 3.8 eV, corresponding to Cl2 molecules, and
possibly, an absorption tail around 6-7 eV. [78] Chlorine is also found to increase
structural relaxation rates of silica, which in turn may influence the refractive index
through lower fictive temperature [79].
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A radial, periodic structure of alternating concentration of Ge and Cl was found in
preforms manufactured by low-pressure plasma chemical vapor deposition [80]. The
variation is result of different reaction kinetics of the dopant precursors. By thermal
treatment of such preforms, a significant increase in 240 nm absorption was achieved.
The increase in absorption was attributed to diffusion of germanium and liberation of
chlorine.

Ti – Titanium

Fibers with titanium-doped (TiO2) outer cladding are often used for increased
mechanical strength. In ref. [81], an enhanced growth rate of Bragg gratings was
observed in fibers with TiO2-doped outer cladding, and hydrogen-loading times were
reduced to 1 day at room temperature. This should be compared to >5 days for the
same fiber but without the TiO2 outer cladding.  The explanation for the enhancement
was ascribed to temperature effects. The TiO2 layer absorbs 240 nm light quite
effectively causing heating of the fiber (200 oC at 40 mW and 244 nm). The increase
in temperature increases the diffusion rate of hydrogen resulting in a higher
concentration of hydrogen in the core. In addition, the increase in temperature leads to
an increased photosensitivity.

Ge – Germanium

The first gratings were written in GeO2 doped silica fibers, and GeO2 appears still to
be the most prominent dopant for highly photosensitive fibers. Under similar
manufacturing conditions, the photosensitivity grows linearly with GeO2
concentration. The photosensitivity in GeO2 doped fibers and preforms has long been
associated with defect absorption near 240 nm and using reducing atmosphere during
manufacturing significantly increases the absorption [48]. Codoping with B2O3 or
SnO2 significantly increases the photosensitivity (see respective dopant).

Sn – Tin

Photosensitivity concerning Sn-doping has been reported in combination with GeO2-,
P2O5-, Na2O doping or in binary silicate. The first report of photosensitive fibers with
SnO2 doping was in combination with GeO2

 [82]. The main advantages pointed out
are lower losses at 1.5 µm and higher thermal stability compared to B2O3-GeO2 co-
doped fibers. No absorption features in the 400 nm to 2 µm range were observed.  The
240 nm absorption band was slightly shifted towards 250 nm and increased after 248
nm irradiation contrary to the behavior of GeO2-doped silica. A refractive index
change of ∆n~1.4·10-3 was achieved for a total fluence of 0.3 kJ/cm2. In ref. [55]
increased tension during fiber drawing of SnO2-GeO2 doped silica fiber is shown to
reduced the photosensitivity and gratings in this fiber grow according to a type IIa
behavior.

In [83], highly photosensitive SnO2-P2O5 doped SiO2 was reported for both type I and
type II gratings. Refractive index change of ∆n~1.2·10-3 (248 nm, 0.4 J/cm2 per pulse,
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total fluence 0.3 kJ/cm2) was observed and the damage threshold (onset for type II
grating formation) was 0.5 J/cm2. The MCVD fiber (0.6 mol% SnO2-9 mol% P2O5)
had an intrinsic loss of 40 dB/km at 1.5 µm and no absorption peak at 240 nm. The
fibers showed a large transient loss measured at 633 m and large refractive index
decay immediately after UV exposure.

Ref. [84], reports on refractive index modulations of ∆n~2.8·10-4 (3.7 hr exposure,
total fluence 21.3 kJ/cm2) written in 0.15 mol% SnO2 doped silica fiber using 248 nm
exposure. Difficulties in preform fabrication are volatile SnO2 burning off during
preform collapse and crystallization at levels of ~1mol% SnO2. Measurements of the
UV induced absorption contribution to refractive index (using Kramers-Kronig
relation) show a negative index contribution.

To increase the concentration of SnO2 while avoiding crystallization, Brambilla et al
[85] used 75 SiO2: 5 SnO2: 20 Na2O (in mol%) glass made by melting glass powders
and collapsing the rod with the cladding tube in the drawing tower. The refractive
index of the core was n~1.52 and a UV induced refractive index modulation of
∆n~6.2·10-4 (248 nm, 140 min exposure, total fluence 35.2 kJ/cm2) was achieved.

VUV absorption studies in SnO2-doped silica resulted in the estimation of a refractive
index change of ∆n ~ -3·10-4 (Kramers-Kronig model), while the measured refractive
index was positive [86]. Optical absorption and EPR studies of SnO2 doped silica
show that UV absorption is not the primary mechanism for the refractive index
change. [87]. Structural compaction resulting from reduction in ring size is suggested.
Densification is suggested to be related to the frozen stress reservoir in the core as an
increase in SnO2 content increases the strain on the Si-O bonds resulting in a weaker
bond [88]. Compaction (using 248 nm laser) in the core of a 1 mol% SnO2-20 mol%
GeO2 fiber is also verified using transmission electron microscopy (TEM) [31]. Phase
separation has also been reported for highly SnO2-doped GeO2 or P2O5 preform slices
and fibers [89].

Sb – Antimony

Photosensitive Sb-doped fibers have been reported addressing three problems with
photosensitive fibers: splice loss, thermal stability and ability to write through the
coating [90]. A 257 nm CW laser was used to write through a polymer coating with
rapid growth necessary due to photo-darkening of the coating. Sb-doping causes
strong absorption below 250 nm and in deuterium loaded fibers an index change of
∆n~4·10-4 was achieved. The photosensitivity was comparable to that of a germanium
doped fiber fabricated under reduced atmosphere. Prolonged exposure results in a
large increase of the UV absorption tail into the visible. Some improvement in the
thermal stability below 200 oC was observed.

Ta – Tantalum

Dong et al [91] reports on photosensitivity in 1.5 mol% tantalum-doped silica, where
pulsed UV at 248 nm wavelength was used with resulting refractive index changes of
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the order of ∆n~2·10-6. The grating reflectivity saturates after only a few pulses and
causes relatively large losses in the visible and the NIR.

Pb – Lead

Photosensitivity in PbO-doped silica is mainly reported for multicomponent glasses.
UV induced surface-relief gratings with refractive index changes as high as ∆n~0.09
has been reported [92]. Color center formation has been reported to occur in lead
glass fibers [93].
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4. Thermal stability

Although fiber Bragg gratings are often referred to as permanent refractive index
structures, exposure to increasing temperatures usually results in a decay of the
refractive index modulation. Complete erasure takes place at sufficiently high
temperatures. If annealed at a fixed temperature for a sufficiently long time, the decay
of the grating structure stabilizes. Afterwards, if operated at temperatures lower than
the annealing temperature, the grating generally does not experience further thermal
decay [1].  This chapter gives a general overview of issues regarding thermal stability
of FBGs and is intended to serve as background to chapter 5.

4.1. Decay models

The thermal stability of gratings depends on several factors such as the type of fiber
used [2], use of hydrogen loading [3,4] and the writing wavelength [5]. To be able to
predict the thermal stability of the refractive index after thermal annealing two
approaches were presented by Erdogan et al [6]. The power-law model and the
accelerated aging model. Both models are based on the assumption that UV induced
defects, responsible for the change in refractive index, are thermally reversible having
a distribution of activation energies. A schematic of the model is shown in figure 4.1.
In the power-law approach decay measurements are fitted to the following equation,

( )α+
=η

1t/tA1
1 , Eq. (4-1)

where η is the normalized index change, t is time, t1 is added to keep dimensions
consistent and the fitting parameters A and α are proportional to exp(T) and T
respectively. Once the parameters (A and α) have been determined, the decay for any
temperature and time can be calculated using equation 4-1. The difficulty with this
approach is to determine reliable fitting parameters for different types of fibers [6,7].
In the accelerated aging approach the decay in refractive index is characterized for
any time and temperature combination using an aging parameter referred to as the
demarcation energy, Ed, given by

)tln(kTEd ν= ,  Eq. (4-2)

where k is the Boltzman's constant, T is temperature, t is time and ν is a fitting
parameter, which is determined from a series of decay measurements. An example of
an aging curve is shown in figure 4.2, where the change in refractive index is plotted
as a function of demarcation energy. From such a plot, the change in refractive index
can be determined for any combination of time and  temperature  by  using equation
4-2.

From decay experiments, it is also possible to determine the energy distribution of the
defects responsible for the refractive index change by differentiating the aging curve
[6,7,8]. Results for gratings written in hydrogen loaded fibers compared to non-loaded
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fibers show a much wider energy distribution in support of the lower thermal stability
often found in hydrogen loaded fibers [8,9].

Figure 4.1  Schematic model for proposed decay of refractive index through thermal
excitation of trapped electrons (from [6]).

Figure 4.2 Example of the change in refractive index vs. demarcation energy needed
to determine the decay behavior for arbitrary time and temperature combination

(from [7]).
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4.2. Methods to increase thermal stability

In the following section, different approaches to form FBGs with increased thermal
stability are summarized. These include accelerated aging, UV exposure, special
writing conditions and new dopants.

4.2.1. Thermal annealing

By thermal annealing, as briefly described in the introduction to this chapter,
accelerated aging removes the lesser stable contributions to the index change. The
resulting grating, although having lower refractive index modulation, has increased
thermal stability as long as the operation temperature is lower than the temperature
used for annealing.

4.2.2. Pre and post exposure

In [10], Salik et al show that fringeless pre- or post-exposure of the grating results in
increased thermal stability. A model is proposed assuming an energy barrier for defect
formation and structural changes, similar to that of Erdogan [6]. Due to a distribution
of energy barriers for defect formation and structural changes, some will be easily
transformed while others, with high higher energy barriers, will be more difficult to
transform. The reverse is also assumed. Thermal annealing will initially relax those
most easily transformed. By fringeless pre- or post exposure, the grating will contain
a dc-term of less stable refractive index and a refractive index modulation with higher
thermal stability. When annealing such a grating the dc-term will decay faster,
resulting in a shift in wavelength, while the refractive index modulation will remain
unchanged or at least decay slower. The model is also used to explain the increased
thermal stability of gratings written using a phase mask. Here the 0th order from the
phase mask creates the dc-term with lower thermal stability. A similar effect is found
for pre-exposure of hydrogen loaded fibers [11].

4.3. Gratings with intrinsically high thermal stability

Type II gratings are manufactured through high-power single-pulse exposure resulting
in localized damage at the core-cladding interface [12]. These gratings have very high
temperature resistance as can be seen from figure 4.3.

In the case of type IIa grating inscription, shown in the inset in figure 4.4, the final
grating may consist of two superimposed gratings. The initial grating, associated to
type I grating formation, has a lower thermal stability compared to the second grating,
which has a negative refractive index change [13]. As the two gratings may counteract
in refractive index modulation, the thermal stability is dependent on the level at which
grating writing is stopped as indicated by the levels A, B, C etc. in figure 4.4.

In the case of special dopants, two alternatives have shown promise regarding
increased thermal stability. These are SnO2 doping and N-doping. For gratings written
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in SnO2 doped fibers the thermal stability is increased compared to GeO2 doped or
B2O3-GeO2 doped fibers. [14,15] For type IIa gratings written in N-doped fibers,
thermal stability in excess of 1000 oC has been reported [16,17], as discussed in
chapter 3.

Figure 4.3 Decay behavior of type II gratings (from [12]).

Figure 4.4  Decay behavior of type IIa gratings (from [13]). The letters correspond to
when the grating writing was stopped, as indicated in the inset.
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5. Chemical composition gratings

5.1. Background

The origin of the UV induced refractive index changes, as described in previous
chapters, has been attributed to the creation of defects, stress relaxation or compaction
of the glass structure. The temperature limit for thermal stability of UV induced
defects can be roughly estimated to be 100-600 oC, depending on the type of fiber.
The decay mechanism can be associated to the recombination of defects, as described
by Erdogan (see chapter 4.1). Likewise, the upper limit of thermal stability for
refractive index changes attributed to UV induced stress relaxation or compaction,
which is generally higher compared to UV induced defects, can be estimated to be
400-1000 oC, depending on the type of fiber. The decay mechanism is this case could
be linked to a temperature at which the viscosity of the glass allows strained bonds
and the glass structure to relax towards equilibrium [1]. To improve the temperature
stability of fiber Bragg gratings, new dopants could be identified that result in more
stable UV induced defects. Another possibility could be to increase the viscosity of
the glass.

Other possible way to record more permanent gratings could be to cause UV induced
phase separation or crystallization, which has been observed in GeO2 doped silica
films [2] and SnO2 doped fibers [3]. However, as the non-exposed regions may also
undergo phase separation, when exposed to high temperatures, such gratings would
not necessarily result in higher thermal stability of the refractive index modulation.
Even if non-exposed regions do not undergo phase separation, exposed areas may
experience continued phase separation or crystal growth, resulting in non-stable
grating characteristics (increasing or decreasing reflectivity).

If one considers recombination of defect and structural relaxation to be two
mechanisms associated with increasing thermal stability of FBGs, the next
mechanism of even higher thermal stability would be that limited by viscous flow or
diffusion of dopants. Reaching temperatures where dopants diffuse within the fiber
would not only limit the stability of gratings, but ultimately limit the thermal stability
of the fiber itself.

In 1996, a method was proposed to create high-temperature stable Bragg gratings by
periodically altering the concentration of fluorine in the core of the fiber [Paper K and
M]. A change in the fluorine concentration would subsequently result in a change in
the refractive index. The limiting thermal stability of such a refractive index structure
would depend on the diffusing properties of fluorine. The proposed method to alter
the fluorine concentration in the core was based on the chemical equation shown in
figure 5.1. The equation was proposed by Kirchhof et al for the reduction of hydroxyl
groups in fluorine doped silica [4]. The reduction of hydroxyl groups was attributed to
formation and diffusion of hydrogen fluoride, which was assumed to have a higher
mobility than bound fluorine. A different way of looking at the equation, is that there
is a reduction of fluorine in hydroxyl doped regions, as discussed in section 2.4.4.
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Introduction of hydroxyl groups in the core of the fiber can be achieved either
thermally or by UV exposure of hydrogen loaded fibers (see chapter 2). By using
fringed UV exposure, hydroxyl formation can be achieved locally with the periodicity
of the interference pattern, creating sub-micron structures.  Fiber Bragg gratings in
which the refractive index modulation is a result of a change in the chemical
composition are here referred to as chemical composition gratings (CCGs).

Figure 5.1  Schematic of the suggested mechanism for the reduction of hydroxyl
groups in fluorine doped optical fibers [4].

Due to the quadratic dependence on distance in diffusion processes, the grating period
of the modulation will also have an effect on the thermal stability. For example
gratings reflecting at 800 nm (period ~0.25 µm) will decay approximately four times
faster than gratings at 1550 nm (period ~0.5 µm). For long period gratings with
periods typically > 100 µm, diffusion from the core to the cladding dominates, and
thus the core size (~8-9 µm for standard telecommunications fiber) will determine the
maximum thermal stability. Fabrication of long period CCGs can, for the above
reason, result in gratings with extremely high thermal stability [5]. For gratings with
sufficiently long period (fringes ≥ 125 µm) it is possible to separately heat each fringe
and cause local dopant diffusion e.g. using a CO2-laser, electric discharge or other
local heating sources. For short period gratings, the geometry of the fiber prohibits
separate fringe heating.

5.2. Typical manufacturing procedure of chemical composition
gratings

Chemical composition gratings have typically been manufactured by hydrogen
loading a germanium-fluorine core doped fiber and exposing the fiber to fringed UV
radiation followed by a thermal developing process. The UV exposure results in a
normal, type I grating but also creates a periodic concentration of hydroxyl groups
with the same periodicity as the grating. The grating has then been inserted into a tube
furnace and the temperature increased slowly (typically 25 oC/min) to 1000 oC. The
dynamics of the grating reflectivity during this thermal treatment is shown in figure
5.2. The increase in temperature results in the decay of the type I grating, which is
consequently erased at ~40 minutes. Following this erasure, a much more stable
grating grows and then saturates. This second grating is identified as the CCG, which
is believed to be formed by the formation and out-diffusion of mobile HF molecules.

Si - OH   +  F-Si                      Si  -  O  -  Si       + HF
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Figure 5.2 Typical behavior of grating reflectivity during CCG formation.

5.3. Hydroxyl assisted fluorine diffusion

An analytical tool was required to verify the effects of hydroxyl groups on the
behavior of fluorine diffusion. Dynamic secondary ion mass spectrometry (SIMS) has
been frequently used for dopant profiling of fiber preforms. However, for optical
fibers with a typical core diameter of 8-10 µm the resolution provided by
conventional SIMS is not sufficient. It is in some cases possible to use SEM/EDS to
analyze fiber cross sections but the results may be impaired by sample charging
effects, insufficient lateral resolution and low sensitivity for light elements such as
fluorine. For these reasons time-of-flight secondary ion mass spectrometry (ToF
SIMS) [6,7] was evaluated (Thesis papers I and V).

Experiments were performed on the same fibers used for manufacturing CCGs
containing fluorine and germanium in the core. In these experiments, high hydroxyl
concentration was achieved in the core of the fibers through OH flooding (Paper VI),
i.e. high-temperature treatment of hydrogen loaded fibers. Four samples were
examined in this study: (a) pristine fiber, (b) pristine fiber heated for 10 minutes at
1000 °C, (c) OH flooded fiber (containing high levels of hydroxyl) by heating for 1
second at 1000 °C and (d) OH flooded fiber heated for 10 minutes at 1000 °C.

The results of the ToF-SIMS profiling of the fluorine concentration for samples (a)
through (d) are shown in figure 5.3 (a) through (d) and figure 5.4 (a) through (d)
respectively. The dimensions are indicated in the figures. The results are shown as
colored surface plots of the fluorine concentration of cleaved fibers (figure 5.3) and
corresponding line-scans through the center of the core (figure 5.4). The measured
fluorine distribution of untreated reference sample is shown in figure 5.3 (a). The
fluorine distribution corresponds to the refractive index structure as follows: the
central ring-structure corresponds to the core region with a central dip in fluorine
concentration, characteristic for MCVD manufactured fibers. The central region also
contains germanium (shown as a dashed line in figure 5.4 (a)) and the surrounding
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structure consists of the deposited cladding layers, the inner region of which has a
slightly higher fluorine concentration than the outer region. The inner cladding region
is also phosphorous-free. Surrounding the deposited cladding layers is the silica
preform tube. The ToF-SIMS analysis of sample (b), shown in figure 5.4 (b), shows
the fluorine distribution of the fiber heated to 1000 °C for 10 min. The trace is quite
similar to that of figure 5.4 (a), implying that little apparent diffusion occurs by just
heating the fiber without further treatment. Samples (c) and (d) show the fluorine
distribution of OH flooded fibers heated to 1000 ºC for 1 second and for 10 min,
respectively. In this case, there is a significant redistribution of fluorine even after a
heating time of only 1 second. After heating the OH flooded fiber (d) for 10 minutes
the central dip in the fluorine distribution has been removed completely. No change in
germanium distribution was observed in any of the samples (b), (c) or (d).

             

(a) (b)

             

(c) (d)

Figure 5.3  ToF-SIMS measurement of fluorine distribution of (a) untreated reference
fiber (sample a), (b) fiber heated at 1000 oC for 10 minutes (sample b), (c) in OH

flooded fiber heated at 1000 oC for 1 second (sample c), and (d) in OH flooded fiber
heated at 1000 oC for 10 minutes (sample d).
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(a)                                                              (b)

(c)                                                              (d)

Figure 5.4  ToF-SIMS measurement of fluorine distribution of (a) untreated reference
fiber (sample a), (b) fiber heated at 1000 oC for 10 minutes (sample b), (c) in OH

flooded fiber heated at 1000 oC for 1 second (sample c), and (d) in OH flooded fiber
heated at 1000 oC for 10 minutes (sample d). The germanium distribution is shown in

figure 5.4 (a) for comparison.

A second set of experiments with ToF SIMS was also performed to assess the ability
to measure compositional profiles in Er3+, Yb3+ and P2O5 doped silica fiber. The
dopant levels for this fiber were not available. The results are shown in figure 5.5. All
fibers used in the experiments were produced using modified chemical vapor
deposition (MCVD). In erbium doped fibers the erbium concentration was
incorporated using solution doping of MCVD prepared preforms [8] while for the
fluorine diffusion studies the central core was doped with germanium and fluorine
using GeCl4 and C2F6 as precursors.

The results show that the ToF-SIMS instrument can be used for directly analyzing
cross-sections of optical fibers, with high sensitivity and high lateral resolution. The
lateral resolution was estimated to be 0.5 µm.



48

0

5

10

15

20

25

- 20 -10 0 10 20

Distance from fiber center (µm)

N
o.

 o
f i

on
s 

(a
rb

. u
ni

ts
)

Er+ x5

Yb+

P-

Figure 5.5 Line scans from ToF-SIMS measurement of Er, Yb and P2O5 doped silica
fiber (Paper V).

5.4. Decay behavior of chemical composition gratings

As the grating reflectivity is caused by a periodic change in the chemical composition,
the thermal stability will be limited by fringe-to-fringe diffusion of the modulated
dopants as schematically shown in figure 5.6. Here the periodic variation of
concentration, or refractive index, is shown for different degrees of dopant diffusion.
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Figure 5.6 Schematic of decay of refractive index modulation or change in dopant
distribution due to fringe-to-fringe diffusion shown as (a) initial distribution, (b)

partially erased and (c) erased.
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5.4.1. Modeling the decay behavior of CCGs

Due to the nature of CCGs, the thermal stability should be limited by the diffusion
properties of the modulated dopants. A model was developed to better understand the
properties and behavior of CCGs (Thesis paper II). The model was based on diffusion
of dopants in a periodic structure consisting of parallel infinitely wide layers of
alternating concentration. The model was based on the following assumptions:

(1) the refractive index modulation is due to a periodic variation of the concentration
of one or several dopants,

(2) the diffusion of dopants out of the core (core diameter ~5-10 µm) is negligible
compared to the diffusion of the individual grating fringes (fringe width~0.25
µm), and

(3) the refractive index is linearly dependent on dopant concentration.

The following equation describes the concentration profile of periodic and parallel
diffusing planes [9],
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Eq. (5-1)

where C is the dopant concentration, C0 is the initial peak-to-peak concentration, x is
the axial position along the grating, t is time and Λ is the geometrical grating period.
D is the temperature dependent diffusion coefficient given by D=D0exp(-Ea/RT)
where Ea is the activation energy, D0 is a constant, R is the gas constant and T the
temperature in Kelvin. At time t=0, equation 5-1 describes a square wave pattern. A
nearly sinusoidal dopant profile is expected from the UV exposure followed by
chemical reactions. In order to use equation 5-1 to describe the effect of heating, the
square wave pattern must be allowed to evolve first into a nearly sinusoidal
distribution. This introduces a delay time after which equation 5-1 can be used. After
this delay time (that is not critical), a change in peak to peak amplitude of equation 5-
1 is then proportional to the change in refractive index modulation.

Kirchhof et al [10] found that adding phosphorous to fluorine doped silica glass
significantly increased the diffusion rate of fluorine. As phosphorous is commonly
used in fiber manufacturing, three different situations need to be considered when
modeling the decay of CCGs.

(1) When the fiber contains no phosphorous, the diffusion parameters for fluorine
(DF) can be used.

(2) When the core and cladding are co-doped with phosphorous, the diffusion
parameters for fluorine co-doped with phosphorous (DF(P)) should be used.
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(3) When the inner cladding surrounding the core is co-doped with phosphorous
while the core is not. In this case the change in refractive index or concentration
(C) is obtained by superposition of two gratings with different diffusion
coefficients C=C(DF) + C(DF(P)). The reason is that the grating may extend into
the cladding and due to inter-diffusion of dopants between the core and cladding
during preform and fiber manufacturing.

5.4.2. Modeled and experimental decay of CCGs

Two single mode silica fibers were manufactured using MCVD technology in order to
determine diffusion coefficients for CCG decay and to assess the effects of
phosphorous on the grating stability. Fiber (I) was manufactured with a germanium-
fluorine doped core and inner cladding co-doped only with fluorine, as in situation 1.
Fiber (II) had a germanium-fluorine doped core and inner cladding co-doped with
phosphorous and fluorine, corresponding to the third situation described above. The
core diameter of both fibers was ~8.5 µm with core refractive index steps of
∆nI~4.8·10-3 and ∆nII~5.2·10-3 respectively. The fibers were hydrogen loaded at 10
MPa and 50 ºC for 5 days prior UV exposure. The periodic UV exposure was
performed using a frequency doubled Argon-ion laser at 244 nm wavelength, in a
two-beam interferometric setup. The gratings were 15 mm long with a Gaussian
apodized profile at a Bragg wavelength of ~1540 nm. The CCGs were developed as
described in section 5.2 (figure 5.2). When studying the decay of the developed
gratings the starting time (t´=0) was set to zero when the CCG reflectivity was at a
maximum as shown by the dashed line in figure 5.2.

The decay of the CCGs was then studied in the temperature range 1000-1200 oC and a
diffusion constant could be obtained for each temperature by fitting the model to the
experimental decay curves, as plotted in a lin-log scale in figure 5.7 for fiber (I). The
corresponding result for the decay in fiber (II) is shown in a lin-lin scale in figure 5.8.
Two diffusion coefficients were required to fit the model to the decay in fiber (II),
corresponding to the fast initial decay for t < 25 minutes and the following slow
decay. The determined diffusion coefficients for fiber (I) and (II) are plotted in figure
5.9, where the two data points for fiber (II) are from the same grating. From a linear
fit, the derived activation energy for CCG decay (without phosphorous co-doping)
was Ea=312  (±20) kJmol-1 with a pre-exponential constant D0=3.69·10-3 cm2s-1.
Besides the linear fit to experimental data shown as a dashed line, figure 5.9 includes
the and reported values for fluorine diffusion given for the temperature range 1000 oC
to 2000 oC, and for fluorine diffusion when co-doped with phosphorous given for the
temperature range 1600 oC to 2000 oC, both represented by solid lines [10]. To
compare with the experimental results, the value for fluorine diffusion when co-doped
with phosphorous is extrapolated down to 1000 oC (dotted line).

The values of diffusion coefficients attained from the model are in good agreement
with reported values for fluorine diffusion as well as for fluorine diffusion when
codoped with phosphorous.
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Figure 5.7 Decay characteristics of CCGs in germanium-fluorine doped fibers
containing no phosphorous. Symbols are simulated values.

Figure 5.8 Decay characteristics of CCG in germanium-fluorine doped fibers
containing phosphorous in the cladding surrounding the core. Symbols are simulated

values.
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Figure 5.9 Arrhenius plots for diffusion coefficients showing the experimental results
for fiber-I (�) and fiber-II (□) and the linear fit for the slow decay (─ ─). Additional

data are reported diffusion values for fluorine (lower solid line) and fluorine co-
doped with phosphorous (upper solid line) [10]. Values for fluorine co-doped with
phosphorous have been extrapolated for comparison (•••). The two data points for
fiber II correspond to the fast initial decay followed and the following slow decay.

5.5. Dynamics of CCG formation

In order to increase the efficiency of the development process attempts were made to
remove the temperature ramping and developing the grating directly at 1000 oC using
miniature oven described in the following section (Chapter 5.6 and Paper IV). By
using a miniature oven the length of heat-treated fiber could be decreased
significantly resulting in an overall increased mechanical strength of the final grating
as well as simplified handling. The initial results however showed a large variation in
the final reflectivity of the CCGs. The refractive index modulation was significantly
lower than of CCGs developed using the tube furnace and in some cases, no CCG
could be detected at all. This observation indicated that the thermal history and the
thermal ramping procedure are crucial for the final refractive index modulation of the
CCG. To study the effects of thermal annealing three different sets of experiments
were performed.

1. In the initial experiment, the effect of annealing temperature and duration was
studied. The gratings were annealed and developed within one week after the
gratings had been written while being stored at room temperature. As the time
required for out-diffusion of hydrogen from the fiber is approximately two weeks
at room temperature, the fibers were partially hydrogen loaded.
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2. In the second experiment, two gratings were developed in order to determine the
effect of remaining hydrogen on the final outcome of the CCG. To remove the
remaining hydrogen one grating was heated to 100 oC for ~20 hrs prior annealing,
while the second grating was simply stored at room-temperature for
approximately 1 week prior annealing. Both gratings were then annealed at 700 oC
for 24 minutes and subsequently developed at 1000 oC. At 100 oC thermally
initiated reactions of hydrogen are assumed to be minimal.

3. In the third experiment the annealing time was held constant at 24 minutes while
varying the annealing temperature from 500 to 800 oC in steps of 100 oC. These
fibers had been previously treated at 100 oC for 20 hrs to remove any remaining
hydrogen.

In the three experiments, gratings were developed at 1000 oC for ~20 min. The results
of the experiments are shown in figure 5.10, 5.11, and 5.12 respectively. Conclusions
drawn from the three experiments can be summarized as follows.

1. The resulting refractive index modulation of the CCG is highly dependent on the
thermal treatment prior development.

2. The effect of low-temperature treatment to remove remaining hydrogen is clearly
seen as a significantly increased grating reflectivity.

3. The results when the annealing time is constant at 24 minutes and the temperature
is changed shows that there is clearly an optimum annealing temperature near
600-700 oC.

Figure 5.10 Final refractive index modulation of developed CCGs as a function of
annealing time at annealing temperatures of 600, 700, and 800 oC.
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Figure 5.11 Growth of reflectivity during the development at 1000 oC for the fiber
without hydrogen (top) and the fiber partially hydrogen loaded  (lower).

Figure 5.12 Final refractive index modulation of CCGs annealed for 24 minutes at
different annealing temperatures prior developing (the line is drawn to guide the eye)
showing that for a constant annealing time of 24 minutes there is clearly an optimum

annealing temperature near 600-700 oC.
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Following fringed UV exposure, the underlying mechanism of CCG formation is
attributed to redistribution of fluorine as a result of HF formation according to the
reaction pathways shown given by equations (5-2) through (5-4).

2≡X-OH ↔  ≡X-O-X≡ + H2O          Eq. (5-2)

≡X-OH +F-X≡ ↔≡X-O-X≡ + HF          Eq. (5-3)

≡X-F + H2O ↔  ≡X-OH + HF          Eq. (5-4)

where X is either Si or Ge. A plausible explanation for the results shown in figure
5.12 is as follows. At low temperatures, the hydroxyl groups can be considered
immobile [11]. A consequence will be that there is no interaction between fluorine
and hydroxyl groups or between hydroxyl groups. i.e. the formation of HF or
molecular water is negligible. As the temperature increases the rate of HF formation
should increase, either as a result of interaction of fluorine with hydroxyl groups (Eq.
5-3) or fluorine with molecular water (Eq. 5-4). The increase in the rate of HF
formation would result in an increase in refractive index modulation. As the
temperature is increased further, the rapid diffusion of hydroxyl and molecular water
will result in a decrease in the OH-visibility, i.e. the amplitude modulation of the
hydroxyl concentration. If the decrease in OH-visibility is faster than the rate of HF
formation, the final refractive index modulation will be lower although the average
change in refractive index may be the same. In addition, if equation (5-4) is the main
pathway for HF formation, the temperature dependence of equation (5.2), i.e.
temperature dependence of the concentration of molecular water [11,12] and the
diffusion-reaction behavior [13] will have a large effect on the outcome of the CCG.
Another possibility for the decrease in refractive index modulation is a depletion of
hydroxyl groups by formation and diffusion of H2 molecules (see e.g. [13]).

The results from the second experiment indicate that thermally induced reactions
occur with the remaining hydrogen, reducing the achievable refractive index
modulation. A possible explanation is that thermally induced hydroxyl groups are
primarily formed in non-UV-exposed areas, which should have a larger amount of
reactive sites available (see chapter 2). The consequence of such a process would be a
decrease in OH-visibility, resulting in a lower refractive index modulation of the
CCG. The effect is also seen when comparing the results for 600 oC and 700 oC
annealing shown in figure 5.10 with those in figure 5.12.

5.6. Ultra-stable chemical composition gratings

Similar high-temperature decay experiments, as described in section 5.4.2, were also
performed on CCGs formed from initially strong gratings (prior development) with
refractive index modulation greater than ∆n>1•10-3. In this case part of the grating
reflectivity remained stable after an initial decay following a behavior similar to that
in figure 5.7. For the remaining grating no significant decay was observed at 1106 ºC,
measured with a spectrum analyzer, during 60 minutes as shown in figure 5.13. In the
different chemical pathways proposed, an additional source of change in the chemical
composition arise from the formation of molecular water, which diffuses within the
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glass network resulting in a periodic reduction of oxygen as described by equation 5-
2. For strong gratings, longer exposure times results in a higher concentration of
hydroxyl groups subsequently increasing the concentration of molecular water.
Although the effect of oxygen concentration on the refractive index in germanium
doped glass has not been treated in detail in the literature, the process should result in
a structural and compositional modification of the glass and a subsequent change in
the refractive index after structural relaxation towards thermal equilibrium.

Figure 5.13 Stability of remaining superimposed grating at 1106 oC during 60 min
after an initial decay corresponding to diffusion of fluorine.

5.7. Miniature oven for processing chemical composition gratings

The CCGs described previously were manufactured using a large tube furnace or a
miniature oven (Paper IV) during the development procedure, i.e. the thermal heat
treatment to 1000 oC used to create the CCG. The miniature oven was developed in
order to increase the efficiency of the development process and to decrease the length
of heat-treated section for overall increased mechanical strength of the fiber. In other
applications, one may also wish to rapidly heat the fiber in matter of seconds or less
while monitoring transmission properties, a task that becomes very impractical with
larger ovens.

The basic design of the oven is shown in figure 5.14. The electric resistance oven uses
a high-temperature alloy as heating elements, made from sections of ribbon formed
into U-shape. The ends of the heating elements were spot-welded to iron rods which
were used for electric contact. The oven was built by using five heating elements
inserted through holes in a stainless steel block. To isolate the heating element from
the holding block high-temperature ceramic tubing was fitted into the holes.
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Figure 5.14 Individual heating element (a)-left and a series of heating elements
making up the length of the oven (a)-right and (b) a schematic diagram of oven

showing: A) stainless steel holding block, B) inlet for gases into oven, C) ceramic
tubing for electric insulation, D) stainless steel heat reflector, E) iron rod for

connectors, F) pure silica half cylinder covering oven elements, G) alloy heating
elements, H) pure silica protective sleeve and I) the fiber showing the direction of

insertion.

Figure 5.15 Photograph of the miniature oven operating at 1000 oC.
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All heating elements are connected in series, the three inner ones bypassed in parallel
by a variable resistor. The variable resistor was used to tune the temperature profile. A
hole through the holding block was made to enable gas-flow into the oven behind the
heating elements to enable thermal treatment in an inert atmosphere. Between the
heating elements and the gas outlet, a U-shaped stainless steel sheet was placed to
function as a heat reflector and to avoid direct gas-flow onto the heating elements.
Inside the heating elements, a U-shaped pure silica glass plate was inserted. This was
used to protect the fiber from being contaminated by the surrounding material. The
heating elements were encompassed by a half-cylinder of pure silica glass with sealed
top, in order to minimize temperature fluctuation due to the environment, and to
function as a gas container when using externally supplied gases. A slit was cut in the
pure silica glass half-cylinder to enable the insertion of the fiber into the oven. A
picture of the oven operating at 1000 oC is shown in figure 5.15. The oven was
calibrated by scanning a 2 mm long CCG through the oven. The results are shown in
figure 5.16. By proper adjustment of the variable resistor the temperature variation
could be controlled to be less than 2% over 16 mm and less than 10 % over 20 mm.

Figure 5.16 Measured temperature profile of oven by using a CCG as a miniature
temperature sensor.
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6. Extended functionality of optical fibers

6.1. Background

As telecommunication systems become more complex, new optical components are
required to perform specific tasks. Traditionally optical fibers have mainly been used
for long-haul transmission by exploiting their low losses and low sensitivity to
external perturbations. With the development of the erbium-doped fiber amplifier new
functions were added to the fiber [1]. Today specialty fibers are increasingly being
used for developing fiber components with different optical functions. A few
examples of components are reflection and loss filters, switches, modulators and
variable attenuators. One of the main advantages of using optical fibers is the
potentially low cost, small size and the ability to splice for easy integration into fiber
optic networks. For active components one needs to overcome the optically passive
medium, which is characteristic for glass. This can be achieved e.g. by interaction of
the evanescent field of the waveguide with materials, such as polymers or thin films
[2,3], by using active/passive dopants in the core, such as erbium or ytterbium [1], or
affecting propagation by thermal, acoustic or mechanical means, or with external
fields [4,5]. Combining these techniques with special refractive index structures or
multiple cores open up new possibilities for active fiber based components. Following
are a few examples of techniques that can be used to manufacture fibers with
extended functionality:

1. Special fiber geometry
- Micro-structured fibers such as holey fibers and photonic bandgap fibers [6]
- Multiple core fiber [7]

2. Special processing techniques
- UV exposure for FBG manufacturing [8].
- OH flooding [Paper 6]

3. Micro-mechanical designs
- Pressing, bending, stretching [9].

In the following sections, two examples of single fiber Mach-Zehnder interferometer
(MZI) are presented relating to refractive index modifications, multiple core fibers
and applied electric field.

6.2. Mach-Zehnder interferometers for filtering and switching

To efficiently transform phase information to amplitude modulation some type of
interferometric setup needs to be used. Typically, amplitude modulators used in
telecommunications are either a MZI structure or based on fast absorption modulators.
A typical lab set-up of a fiber based MZI is shown in figure 6.1. The interferometer is
typically made by splicing together two 50/50 fiber couplers and the transmitted light
can be changed between the two output fibers by changing the phase (φ) of one or
possibly both arms. The problems facing this set-up is the size and the separation of
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the two arms of the interferometer resulting in a component with high sensitivity to
ambient fluctuations, relatively complex and expensive.

Figure 6.1  Typical lab setup fiber based Mach-Zehnder interferometer made with
two couplers and changing the phase of one of the arms.

In the following sections, two methods are presented for manufacturing integrated
single-fiber MZI. In the first MZI structure the two arms of the MZI, as shown in
figure 6.1, are replaced by two propagating modes in a single bi-modal core. In the
second MZI the two arms are replaced with a single fiber containing two cores. The
bi-modal MZI structure (thesis paper VIII) is passive and acts as a wavelength
dependent filter. The two-core MZI is an active component made by incorporating
two metal electrodes in proximity of one of the cores (thesis paper IX). The low non-
linearity of the fiber is compensated with increased length of the component, but is
intended to be used in combination with poling.

6.3. Single core bimodal Mach-Zehnder interferometer using OH
flooding for refractive index control

When heating hydrogen loaded fibers, OH flooding (Thesis paper VI), both the
photosensitivity and the refractive index increases. In figure 6.2 and 6.3, the dynamics
of hydroxyl formation during OH flooding and the relation between induced hydroxyl
concentration and the change in refractive index is shown. To illustrate the potential
of this technique an in-fiber MZI was designed in a single piece of standard
telecommunications fiber (Corning SMF-28). The idea was to make part of the fiber
bi-modal by controlled increase of the refractive index in the core. To render the fiber
bi-modal a refractive index change of ∆n~1.7·10-3 was required. From the graphs in
figure 6.2 and 6.3 a heating time of ~2.6 seconds was determined to reach sufficient
refractive index change. The MZI was manufactured by pulling a hydrogen loaded
standard telecommunications fiber through a miniature oven (Paper IV) at a speed to
effectively heat each portion for approximately 2.6 seconds. To excite both the LP01
and LP11 mode in the heat treated section it was necessary to induce microbends at the
input and output of the interferometer [10]. The experimental setup is shown in figure
6.4. A transmission spectrum of the MZI is shown in figure 6.5, which also includes a
trace of the spectrum after exposing part of the interferometer to UV light, a process
that can be used to tune the output spectrum of the MZI.

50/50 50/50

δφ
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Figure 6.2 Dynamics of hydroxyl formation during OH flooding at 1000 oC (Thesis
paper I and VI).

Figure 6.3 Refractive index changes due to OH flooding as a function of OH
absorption (Thesis paper VI).

Figure 6.4 Experimental setup for the single-core bi-modal MZI (Thesis paper VIII).
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Figure 6.5  Transmission spectrum of the MZI. The dashed line is the spectrum after
UV exposure (Thesis paper VIII).

6.4. Dual core Mach-Zehnder interferometer for electrooptic
switching

In the following section, a different and externally controlled MZI was constructed
based on the combination of multiple cores and applied electric fields. By placing the
cores close to each other in a two-core fiber, coupling of light can occur between the
cores. To actively control the light, two electrodes are placed near one core in order to
create a phase difference between the two cores. The low non-linearity of glass can be
overcome by making long devices utilizing the weak Kerr effect [11] or by poling in
order to increase the non-linearity [4,5].

Holes

Cores

Figure 6.6 Example of a fiber structure for an integrated MZI with internal
electrodes.
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6.4.1. Electrode insertion technique

There has been intense research into poling of glass and glass waveguides in order to
demonstrate low-cost optical modulators. Poling is achieved by applying a high
electric field across the glass sample while at elevated temperature. The procedure has
also been performed in fibers, similar to that shown in figure 6.6 containing only one
hole. The electrodes are typically thin wires inserted from the cleaved end or by side
polishing [12] the fiber to access the hole. This technique is time-consuming and the
length of inserting the electrodes is limited to typically 10-20 cm.  Using the wire
insertion method requires the wire to be much smaller than the hole, which results in
variations of the position of the wire in the holes. This effect will also be different
from device to device. This leads to uncertainty in the performance before and after
poling (varying electric field and impedance along the fiber).

To overcome the problems with wire insertion a different approach was taken. Here
the electrodes are inserted in molten form by the use of low-melting temperature
alloys. The metal is pressed into the holes by placing the fiber in a pressure chamber,
which is placed in an oven. The setup is shown schematically in figure 6.7.

High pressure

Fiber with holes

Liquid metal

 High temperature

Figure 6.7  Schematic of the setup for inserting metal electrodes into fiber (Paper IX).

The electrode fabrication technique consists of heating an alloy with relatively low
melting point in an oven, so that a liquid is available. One extreme of the fibers with
holes is inserted into the molten metal and the other extreme is kept free in the
atmosphere.  The liquid metal is contained in small crucible in a sealed cell that is
pressurized. In this way, the liquid metal is forced up into the fiber. Normally, liquids
are sucked into the holes using vacuum. Using the presented pressure cell, the
difference in pressure can greatly exceed one bar that is obtained with vacuum,
enabling fast filling and manufacturing of long devices. The technique of pressurizing
or sucking liquids into silica fibers and capillaries has been previously used in various
fields and to make fiber components (see for example [13]).

The described method provides smooth, continuous electrodes, as shown in figure 6.8
and 6.9. Figure 6.8 shows two metal electrodes extruding from a previously filled
fiber which was cleaved and then pulled apart. As can be seen the wires fill the whole
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volume of the hole and have a smooth surface. In figure 6.9 a fiber with ~4.2 meters
of continuous electrodes is shown. The picture is taken from part of the spool on
which the fiber was wound up. Fibers with continuous electrode lengths of more than
22 meters have been produced this way although care has to be taken to avoid
discontinuities in the metal. These discontinuities occur due to the difference in
thermal expansion of the metal and glass.

Figure 6.8  Cleaved fiber with two extruding metal electrode.

Figure 6.9  Fiber containing 420 cm of two continuous metal electrodes. The fiber is
wound on a small spool from which the picture is taken.
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To enable splicing the beginning and end of the fiber is made without metal. The
output end is free from metal by placing this part outside of the heating chamber
while the input end is freed from metal by removing the metal from the pressure
chamber and pressing the metal farther into the fiber.   To access the metal electrode a
side-polishing technique was used.  Once the metal is accessible, it is contacted either
by a thin wire or by the use of e.g. conductive epoxy. Figure 6.10 shows a fiber that
has been side-polished in order to have access to the electrodes.

Figure 6.10  Fiber with  exposed electrode by side polishing.

6.4.2. Evaluation of dual core electrode filled Mach-Zehnder
interferometer

To evaluate the concept as described in the introduction of section 6.4, a simplified
experiment was carried out. A two-hole two-core fiber, similar to that shown in figure
6.6, was used. A ~1.5 m long fiber piece was filled along 1 m with molten metal
which was allowed to solidify at room temperature. Contacts were established by
side-polishing the fiber and connected by thin wires. The electrodes did not extend to
the end of the fiber, to prevent electrical breakdown. In the tests, light did not couple
between cores. Rather, an unfocussed 633-nm wavelength HeNe laser beam
illuminated one fiber end, so that both cores were excited. Light propagated as two
beams guided by the twin-cores to the output side, and exiting the fiber, diffracting.
After weak collimation, the far-field pattern consisted of interference vertical lines, if
at the fiber output the two cores were disposed along a horizontal plane. A single
fringe was detected with a photomultiplier through a 0.5-mm wide slit. The
experimental setup is shown in figure 6.11.
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1 m MZI
Fiber+

-
Det.

HeNe laser

Figure 6.11  Experimental  setup  with  single  fiber  as  the two arms in a MZI
(Paper IX).

The fiber was not poled. Rather, the weak intrinsic Kerr nonlinearity was exploited.
Figure 6.12 (a) shows a plot of the optical signal measured as a function of voltage,
and figure 6.12 (b) illustrates the signal detected as a function of the square of the
applied voltage. The periodicity seen in figure 6.12 (b) confirms the expected
quadratic dependence, and the required voltage for a π-shift is measured to be 2 kV2,
which implies Vπ ~1.4 kV.
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Figure 6.12  Experimental results from the two-core electrode MZI.
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7. Description of original work and author
contribution

Paper I

Formation of thermally stable chemical composition gratings in optical fibers

M. Fokine
JOSA B, 19, 1759-1765 (2002).

Experimental results and a discussion on possible chemical pathways in the formation
of thermally stable chemical composition gratings in optical fibers have been
presented. Gratings are formed through high temperature treatment of UV exposed
hydrogen-loaded fibers. The final refractive index modulation is ascribed to variations
in fluorine concentration attained by periodically increased diffusion of fluorine. The
mechanism behind this increase is the formation of mobile hydrogen fluoride from
chemical reactions of fluorine and UV induced hydroxyl, which occur with the spatial
periodicity of the UV pattern. Hydroxyl-assisted increase in fluorine diffusion was
verified using time-of-flight secondary-ion-mass spectroscopy. Ultra stable grating
formation by periodic variation of oxygen concentration through diffusion of
molecular water is also discussed.

Paper II

Thermal stability of chemical composition gratings in fluorine-germanium-
doped silica fibers

M. Fokine
Opt. Lett., 27, 1016-1018 (2002).

A model based on diffusion of dopants in a periodic structure has been applied to
describe thermal decay of chemical composition gratings in fluorine-germanium
doped silica fibers. The good agreement between previously reported values and the
diffusion coefficients derived here from experiments and model in the temperature
range 1000 oC and 1200 oC indicate that fluorine diffusion is the main mechanism of
grating decay. Experimental results also indicate that the presence of phosphorous
significantly increases the decay rate of chemical composition gratings.
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Paper III

Growth dynamics of chemical composition gratings in fluorine-doped silica
optical fibers

M. Fokine
Optics Letters, 27, 1974-1976 (2002).

The refractive index modulation of chemical composition gratings in fluorine-
germanium doped silica fibers has been studied during manufacturing as a function of
thermal treatment. The final grating strength was found to depend strongly on an
intermediate annealing step, with an optimum temperature near 600-700 oC, prior
development at a fixed temperature of 1000 oC. Low temperature annealing, aimed at
removing remaining hydrogen from the fiber, performed at 100 oC for 20 hrs prior the
annealing step significantly increases the final refractive index modulation.

Paper IV

High temperature miniature oven with low thermal gradient for processing fiber
Bragg gratings

M. Fokine
Review of Scientific Instruments, 72, 3458-3461 (2001)

An oven for locally heating optical fibers in excess of 1000 oC was designed and
evaluated. The dimensions and the design of the oven allow rapid insertion and
removal of the fiber during heating while allowing simultaneous transmission
measurements to be performed. The 22 mm long oven has a flat zone at 1000 0C of 16
mm with a temperature variation of less than 2 % and 20 mm with a temperature
variation of 10% and long term stability (hrs) of ±20 oC measured at the center of the
oven. Rapid heating of optical fibers to 1000 oC shows a delay of approximately 400
ms before the core reaches thermal equilibrium.

Paper V

ToF-SIMS imaging of dopant diffusion in optical fibers

M. Hellsing, M. Fokine, Å. Claesson, L.-E. Nilsson, W. Margulis
Applied Surface Science, Article in press (2002).

Applications of optical fibers in telecommunication and sensing are rapidly emerging
where the fiber properties are related to the controlled addition of dopants such as
germanium, phosphorous, fluorine and erbium. The modern ToF-SIMS instrument,
with its high sensitivity and high lateral resolution, has shown to be an excellent tool
to directly analyze cross-sections of as-manufactured fibers. The present work
describes ToF-SIMS imaging of the dopant distribution in fluorine, germanium and
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rare-earth doped fibers where dopants are confined to a few µm in the core. The
increased fluorine diffusion in the fluorine doped fibers due to chemical reactions
with hydroxyl groups was examined. This process is utilized in the manufacture of
thermally stable chemical composition fiber Bragg gratings. We were able to produce
ToF-SIMS elemental images with a lateral resolution around 0.5 µm showing the
detailed distribution of the dopants.

Contribution by the author: Sample preparation and processing. Participated in
experimental planning and experiments, in discussions and in writing the paper.

Paper VI

Large increase in photosensitivity through massive hydroxyl formation

M. Fokine, W. Margulis
Opt. Lett., 25, 302-304 (2000).

In this paper we deliberately create a massive amount of hydroxyl radicals (a few
mol%) by heating hydrogen-loaded fibers to 1000 oC for a short time period
(seconds), using a high temperature furnace or a CO2-laser. Bragg gratings inscribed
in heated sections of fiber show a large increase in photosensitivity at 242 nm
compared with untreated hydrogen loaded fiber. The loss induced by the OH-creation
was measured in a 50 cm long piece of SMF28 fiber to be ~0.02 dB/cm-mol% OH
above1.55 µm, while at 1.30 µm the absorption increase is ~0.03 dB/cm-mol% OH.
Such a loss is not prohibitive in many applications of short length Bragg gratings in
fibers.

Contribution of the author: Background studies of hydrogen interactions with silica
based fibers. Fiber preparation, fiber processing, grating writing and characterization.
Participated in discussions and writing of the paper.

Paper VII

Grating formation in pure silica-core fibers

J. Albert, M. Fokine, W. Margulis, Opt. Lett., 27, 809-811 (2002).

Strong grating formation in pure silica core fibers using 193 nm ArF-laser radiation is
reported.  Unsaturated refractive index changes of ∆n~0.3·10-3 were observed in non-
treated fiber and ∆n~0.5·10-3 in fibers with high hydroxyl concentration. Possible
mechanisms of photosensitivity in pure silica core fibers are discussed.

Contribution of the author: Background studies of hydrogen interactions with silica
based fibers. Fiber preparation, fiber processing. Participated in discussions and
writing of the paper.
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Paper VIII

Mach-Zehnder interferometer using standard telecommunication optical fibre

F. C. Garcia, M. Fokine, W. Margulis, R. Kashyap
Electronics Letters, 37, 1440-1442 (2001).

It is demonstrated that a single, short-length, standard telecommunications optical
fiber can function as an interferometer when subjected to OH flooding. The
interferometer is based on the mode beating effect arising from the induced-refractive
index change causing the fiber to become bi-modal.

Contribution of the author: Participated in experimental planning, in experiments
regarding OH flooding and in component manufacturing.

Paper IX

Integrated fiber Mach-Zehnder interferometer for electro-optic switching

M. Fokine, L.-E. Nilsson, Å. Claesson, D. Berlamont, L. Kjellberg, L.
Krummenacher, W. Margulis
Opt. Lett., 27, 1643-1545 (2002).

Molten alloys under high pressure are used to provide fibers with long internal
electrodes that are solid at room temperature. An integrated Mach-Zehnder
interferometer was constructed from a twin-core twin-hole fiber that allows applying
an electric field preferentially to one of the cores. Good stability and a switching
voltage of 1.4 kV was measured with a 1-m long fiber device with a quadratic voltage
dependence.

Contribution of the author: Background studies of liquid filling of hole-fibers.
Participated in developing the metal filling technique and in fiber polishing for
component manufacturing. Participated in component characterization, in fiber
designs and in discussions regarding the paper.
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8. Conclusions and outlook
The main topic of my research has been related to chemical composition gratings
(CCGs). The research has resulted in significantly better understanding of the
underlying mechanism of the refractive index change, which has been attributed to
changes in the fluorine concentration in the fiber core. The mechanisms regarding
thermal stability/decay of CCGs at high temperatures have also been studied. The
decay of CCGs is governed by diffusion and a model was developed to determine
grating diffusion parameters. These experimentally determined diffusion parameters
can subsequently be used to predict the thermal stability under different operating
conditions. Studies on the dynamics of CCG formation have resulted in a proposed
model for some of the mechanisms that occur during grating fabrication, and a
“recipe” that can be used to manufacture these gratings in a reproducible manner has
been provided.

Although research results presented in this thesis explain several properties of CCGs,
there are still several issues that need to be addressed e.g. improving the maximum
attainable refractive index modulation. A typical, non-optimized value of the
refractive index modulation of manufactured CCGs is ∆n~1·10-4. For example,
relating the concentration of UV induced hydroxyl groups and the final refractive
index of the CCG should be valuable to maximize the refractive index change.

The above conclusions are related to CCGs where the modulated dopant is fluorine.
Further studies need to be performed on the ultra-stable gratings, which have been
attributed to oxygen removal due to water diffusion. Exposing these gratings to
temperatures as high as 1100 oC do not result in any measurable decay of the
refractive index. Several questions need to be answered regarding these gratings.
What is the underlying mechanism? If these gratings are CCGs, it should be possible
to determine corresponding diffusion parameters. If oxygen is the modulated dopant,
is it possible to erase the grating by heating the grating in an oxygen atmosphere?
What is the limiting operating temperature for sensor applications? What is the
limiting operating temperature of the fiber itself? Better understanding of the different
processes that occur during the development procedure should be sought after, e.g. the
structural relaxation dynamics of the core and cladding, chemical reactions and defect
formation and annihilation. These issues are significant, not only from a
manufacturers viewpoint, but from a scientific perspective, providing additional
insight into glass physics and glass chemistry.

The CCGs also opens doors for new applications and devices. If it is possible to write
CCGs in pure silica core fibers with fluorine depressed cladding, these gratings might
find applications as sensors for nuclear power plants or space applications, where this
type of fiber is generally used. It might also be possible to write gratings with Bragg
wavelengths in the in UV region. This could open the possibility for producing short-
wavelength (UV) fibers lasers. Due to their high-temperature stability, the interest in
CCGs has naturally been focused on high-temperature sensors. The advantage over
other types of gratings, which may survive similar temperatures, is that the decay
behavior of CCGs is well characterized, therefore increasing the reliability of the
grating sensor. One crucial area, which will require a large research effort, is to
identify or develop coatings that can survive high operating temperatures, in order to
provide mechanical protection to the fiber.
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CCGs has played a central role in several projects, including a European project
regarding health monitoring of industrial structures. Field trials have also been made
with the involvement of the oil-industry and regarding process control during
aluminum casting (Paper A).

Besides CCGs, a method was studied to make low-photosensitivity fibers
photosensitive. The method referred to as OH flooding has been applied to standard
telecommunications fiber resulting in fibers with extreme photosensitivity. The
method was also applied to pure-silica core fibers, resulting in the first report of
strong grating formation in undoped silica core fibers. Experiments also showed that
grating formation was possible even without hydrogen treatment. Due to the extreme
photosensitivity caused by OH flooding when applied to standard telecommunication
fibers, this method may not be suitable for the production of fiber Bragg grating with
complex structures, as the growth in refractive index could be difficult control.
However, for fibers with extremely low photosensitivity OH flooding could be an
option. In addition, further research needs to be performed regarding the thermal
stability in gratings manufactured using OH flooding. The results of the grating
formation in pure-silica fibers might have bigger implications. For example, studies of
the mechanisms of photosensitivity in pure silica-core fibers can be performed
systematically without the interference of other dopants as their possible role in
photosensitivity can be excluded. The literature review on material aspects on
photosensitivity presented in this thesis, and the fact that strong gratings were written
in pure-silica core fibers demonstrates the difficulty of evaluating the contribution that
a specific dopant has on photosensitivity. The possibility of writing gratings in pure-
silica also opens up new possibilities for novel fiber components e.g. gratings written
in holey fibers or photonic bandgap fibers made only of pure silica glass or for
manufacturing short wavelength lasers.

Additional research was focused on manufacturing fiber component resulting in two
types of single-fiber Mach-Zehnder interferometers (MZI's). One MZI was made
using OH flooding as a technique to design a large and controllable refractive index
change of the core, causing a section of a standard telecommunications fiber to
become bi-modal. The second MZI was based on a two-core fiber integrated with
internal electrodes to enable active control of the fiber output. As the two arms of the
Mach-Zehnder interferometers are integrated into the same piece of fiber, the
sensitivity to external perturbations is decreased significantly. The Kerr effect was
utilized for switching in the MZI with internal electrodes, but to further reduce the
necessary switching voltage, thermal poling should be utilized.

Although several questions have been answered during the course of this thesis, more
questions have been raised than answers found. To finalize the conclusion, the
following speculative questions are presented. Can OH flooding with a large amount
of dipolar species be used for thermal poling of glass? How is the hydroxyl-assisted
diffusion of fluorine affected by an applied electric field? Will a diffusing HF
molecule react in a preferred direction with the glass matrix if under an applied
electric field? If so, will this break the inversion symmetry of glass?
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Reproduction of Papers I through IX


