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Preface

The field of fiber Bragg gratings is almost exactly twenty years old, dating
back to its discovery by Ken Hill and co-workers in Canada. It grew slowly
at first, but an important technological advance by Gerry Meltz and co-
workers 10 years later, renewed worldwide interest in the subject. I was
instrumental in setting up the first International Symposium on photosen-
sitivity of optical fibers, jointly with Francois Ouellette in 1991, a meeting
with 22 presentations and attended by approximately 50 researchers.
Since, we have seen three further international conferences solely devoted
to fiber Bragg gratings, the last of which was attended by approximately
300 researchers. As the applications of Bragg gratings are numerous,
publications appear in widely differing conferences and journals. Surpris-
ingly, apart from several review articles covering the most elementary
aspects, no monograph is available on the subject and the quantity of
available literature is spread across a number of specialist journals and
proceedings of conferences. Thus, progress and the current state of the
art are difficult to track, despite the approaching maturity of the field.
More recently, poling of glass optical fibers has resulted in an electro-
optic coefficient almost rivaling that of lithium niobate.

Germanium, the core dopant of low loss, fused silica optical fiber, is
a rich defect former; ultraviolet radiation can strongly modify the nature
of the defects causing large changes in the local refractive index. The
mechanisms contributing to photosensitivity are complicated and still
being debated. They depend on the types of defects present, dopants, and
the presence of hydrogen whether in the molecular or in the ionic state.
The lack of a thorough understanding has not, however, prevented the
exploitation of the effect in a large number of applications. The very
large index changes reported to date (~0.03) allow, for the first time,
the fabrication of ultra-short (~100 wm long) broadband, high-reflectivity
Bragg gratings in optical fibers. The maximum index change may be an

xiii



xiv Preface

order of magnitude larger still, leading to many more exciting possibilities.
There are a number of methods of the holographic inscription of Bragg
gratings, with the phase-mask technique holding a prominent position.

This book was born as a result of growing demands for yet more
review articles on the subject. It aims to fill the gap by bringing together
the fundamentals of fiber gratings, their specific characteristics, and many
of the applications. The book covers much of the fundamental material
on gratings and should be of interest to beginners, advanced researchers,
as well as those interested in the fabrication of many types of gratings.

It is impossible to cover the massive advances made in this field in
a book of this size, a field that continues to grow at an enormous rate
despite recent commercialization. A large reference list is provided, to
allow the interested reader to seek out specific topics in more detail. The
purpose of this book is therefore to introduce the reader to the extremely
rich area of the technology of fiber Bragg, with a view to providing insight
into some of the exciting prospects. It begins with the principles of fiber
Bragg gratings, photosensitization of optical fibers, Bragg grating fabrica-
tion, theory, properties of gratings, and specific applications, and con-
cludes with measurement techniques.

BT Laboratories, Raman Kashyap
Ipswich IP5 3RE,

United Kingdom

July 1998
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Chapter 1

Introduction

Optical fibers have revolutionized telecommunication. Much of the success
of optical fiber lies in its near-ideal properties: low transmission loss, high
optical damage threshold, and low optical nonlinearity. The combination
of these properties has enabled long-distance communication to become
a reality. At the same time, the long lengths enabled the optical power
to interact with the small nonlinearity to give rise to the phenomenon of
optical solitons, overcoming the limit imposed by linear dispersion. The
market for optical fiber continues to grow, despite the fact that major
trunk routes and metropolitan areas have already seen a large deployment
of fiber. The next stage in the field of communication is the mass delivery
of integrated services, such as home banking, shopping, Internet services,
and entertainment using video-on-demand. Although the bandwidth
available on single mode fiber should meet the ever-increasing demand
for information capacity, architectures for future networks need to exploit
technologies which have the potential of driving down cost to make ser-
vices economically viable. Optical fiber will have to compete with other
transport media such as radio, copper cable, and satellite. Short-term
economics and long-term evolutionary potential will determine the type
of technology likely to succeed in the provision of these services. But it
is clear that optical fibers will play a crucial role in communication systems
of the future. The technological advances made in the field of photosensi-
tive optical fibers are relatively recent; however, an increasing number
of fiber devices based on this technology are getting nearer to the market
place. It is believed that they will provide options to the network designer
that should influence, for example, the deployment of wavelength-divi-
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2 Chapter 1 Introduction

sion-multiplexed (WDM) systems, channel selection, and deployment of
transmitters in the upstream path in a network, and should make routing
viable. The fascinating technology of photosensitive fiber is based on the
principle of a simple in-line all-fiber optical filter, with a vast number of
applications to its credit.

1.1 Historical perspective

Photosensitivity of optical fiber was discovered at the Canadian Communi-
cation Research Center in 1978 by Ken Hill et al. [1] during experiments
using germania-doped silica fiber and visible argon ion laser radiation.
It was noted that as a function of time, light launched into the fiber was
increasingly reflected. This was recognized to be due to a refractive index
grating written into the core of the optical fiber as a result of a standing
wave intensity pattern formed by the 4% back reflection from the far end
of the fiber and forward-propagating light. The refractive index grating
grew in concert with the increase in reflection, which in turn increased
the intensity of the standing wave pattern. The periodic refractive index
variation in a meter or so of fiber was a Bragg grating with a bandwidth
of around 200 MHz. But the importance of the discovery in future applica-
tions was recognized even at that time. This curious phenomenon re-
mained the preserve of a few researchers for nearly a decade [2,3]. The
primary reason for this is believed to be the difficulty in setting up the
original experiments, and also because it was thought that the observa-
tions were confined to the one “magic” fiber at CRC. Further, the writing
wavelength determined the spectral region of the reflection grating, lim-
ited to the visible part of the spectrum.

Researchers were already experimenting and studying the even more
bizarre phenomenon of second-harmonic generation in optical fibers made
of germania-doped silica, a material that has a zero second-order nonlin-
ear coefficient responsible for second-harmonic generation. The observa-
tion was quite distinct from another nonlinear phenomenon of sum-
frequency generation reported earlier by Ohmori and Sasaki [4] and Hill
et al. [5], which were also curious. Ulf Osterberg and Walter Margulis [6]
found that ML-QS infrared radiation could “condition” a germania doped-
silica fiber after long exposure such that second-harmonic radiation grew
(as did Ken Hill’s reflection grating) to nearly 5% efficiency and was soon
identified to be a grating formed by a nonlinear process [7,8]. Julian



1.1 Historical perspective 3

Stone’s [9] observation that virtually any germania-doped silica fiber dem-
onstrated a sensitivity to argon laser radiation reopened activity in the
field of fiber gratings [10,11] and for determining possible links between
the two photosensitive effects. Bures et al. [12] had pointed out the two-
photon absorption nature of the phenomenon from the fundamental radia-
tion at 488 nm.

The major breakthrough came with the report on holographic writing
of gratings using single-photon absorption at 244 nm by Gerry Meltz et
al. [13]. They demonstrated reflection gratings in the visible part of the
spectrum (571-600 nm) using two interfering beams external to the fiber.
The scheme provided the much-needed degree of freedom to shift the
Bragg condition to longer and more useful wavelengths, predominantly
dependent on the angle between the interfering beams. This principle
was extended to fabricate reflection gratings at 1530 nm, a wavelength
of interest in telecommunications, also allowing the demonstration of the
first fiber laser operating from the reflection of the photosensitive fiber
grating [14]. The UV-induced index change in untreated optical fibers
was ~107*. Since then, several developments have taken place that have
pushed the index change in optical fibers up a hundredfold, making it
possible to create efficient reflectors only a hundred wavelengths long.
Lemaire and coworkers [15] showed that the loading of optical fiber with
molecular hydrogen photosensitized even standard telecommunication
fiber to the extent that gratings with very large refractive index modula-
tion could be written.

Pure fused silica has shown yet another facet of its curious properties.
It was reported by Brueck et al. [16] that at 350°C, a voltage of about 5 kV
applied across a sheet of silica, a millimeter thick, for 30 minutes resulted
in a permanently induced second-order nonlinearity of ~1 pm/V.
Although poling of optical fibers had been reported earlier using electric
fields and blue-light and UV radiation [17-19], Wong et al. [20] demon-
strated that poling a fiber while writing a grating with UV light resulted
in an enhanced electro-optic coefficient. The strength of the UV-written
grating could be subsequently modulated by the application of an electric
field. More recently, Fujiwara et al. reported a similar photoassisted poling
of bulk germanium-doped silica glass [21]. The silica—germanium system
will no doubt produce further surprises.

All these photosensitive processes are linked in some ways but can
also differ dramatically in their microscopic detail. The physics of the
effect continues to be debated, although the presence of defects plays a



4 Chapter 1 Introduction

central role in more than one way. The field remains an active area for
research.

1.2 Materials for glass fibers

Optical fiber for communications has evolved from early predictions of
lowest loss in the region of a few decibels per kilometer to a final achieved
value of only 0.2 dB km !. The reason for the low optical loss is several
fortuitous material properties. The bandgap of fused silica lies at around
9 eV [22], while the infrared vibrational resonances produce an edge at
a wavelength of around 2 microns. Rayleigh scatter is the dominant loss
mechanism with its characteristic A~* dependence in glass fibers indicat-
ing a near perfect homogeneity of the material [23]. The refractive index
profile of an optical fiber is shown in Fig. 1.1. The core region has a higher
refractive index than the surrounding cladding material, which is usually
made of silica. Light is therefore trapped in the core by total internal
reflection at the core-cladding boundaries and is able to travel tens of
kilometers with little attenuation in the 1550-nm wavelength region. One

Core
Cladding
Refractive Index
T
sa|ta Silica
AIR
< L >
-r +r

Figure 1.1: Cross-section of an optical fiber with the corresponding refractive
index profile. Typically, the core-to-cladding refractive index difference for single-
mode telecommunications fiber at a wavelength of 1.5 um is ~4.5 X 1073 with a
core radius of 4 um.



1.2 Materials for glass fibers 5

of the commonly used core dopants, germanium, belongs to Group IVA,
as does silicon and replaces the silicon atom within the tetrahedron,
coordinated with four oxygen atoms. Pure germania has a band edge at
around 185 nm [24]. Apart from these pure material contributions, which
constitute a fundamental limit to the attenuation characteristics of the
waveguide, there may be significant absorption loss from the presence of
impurities. The OH™ ion has IR absorptions at wavelengths of 1.37, 0.95,
and 0.725 um [25], overtones of a stretching-mode vibration at a funda-
mental wavelength of 2.27 ym. Defect states within the ultraviolet and
visible wavelength band of 190-600 nm [26] also contribute to increased
absorption. The properties of some of these defects will be discussed in
Chapter 2.

The presence of phosphorus as P,0j in silica, even in small quantities
(~0.1%), reduces the glass melting point considerably, allowing easier
fabrication of the fiber. Phosphorus is also used in fibers doped with rare
earth compounds such as Yb and Er for fiber amplifiers and lasers. In
high concentration rare earth ions tend to cluster in germanium-doped
silicate glasses. Clustering causes ion—ion interaction, which reduces the
excited state lifetimes [27]. Along with aluminum (Al,O4 as a codopant
in silica) in the core, clustering is greatly reduced, enabling efficient
amplifiers to be built. Phosphorus is also commonly used in planar silica on
silicon waveguide fabrication, since the reduced processing temperature
reduces the deformation of the substrate [28].

Fluorine and trivalent boron (as B,O3) are other dopants commonly
used in germania-doped silica fiber. A major difference between germa-
nium and fluorine/boron is that while the refractive index increases with
increasing concentration of germanium, it decreases with boron/fluorine.
With fluorine, only modest reductions in the refractive index are possible
(~0.1%), whereas with boron large index reductions (>0.02) are possible.
Boron also changes the topology of the glass, being trivalent. Boron and
germanium together allow a low refractive index difference between the
core and cladding to be maintained with large concentrations of both
elements [29]. On the other hand, a depressed cladding fiber can be fabri-
cated by incorporating boron in the cladding to substantially reduce the
refractive index.

The density of the boron-doped glass may be altered considerably by
annealing, by thermally cycling the glass, or by changing the fiber drawing
temperature [30]. Boron-doped preforms exhibit high stress and shatter
easily unless handled with care. The thermal history changes the density
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and stress in the glass, thereby altering the refractive index. The thermal
expansion of boron-silica glass is ~4 X 107%°C™!, several times that of
silica (7 X 1077°C~1) [31]. Boron-doped silica glass is generally free of
defects, with a much reduced melting temperature. Boron being a lighter
atom, the vibrational contribution to the absorption loss extends deeper
into the short wavelength region and increases the absorption loss in the
1500-nm window. Boron with germanium doping has been shown to be
excellent for photosensitivity [29].

1.3 Origins of the refractive index of glass

The refractive index n of a dielectric may be expressed as the summation
of the contribution of i oscillators of strength f; each, as [32]

n2—1 4m e f;
n2 + 2 h ?meo 2 (02 _ (l)2 + iriw’ (1.11)

i 13

where e and m are the charge and mass of the electron, respectively, w; is
the resonance frequency, and I'; is a damping constant of the ith oscillator.
Therefore, refractive index is a complex quantity, in which the real part
contributes to the phase velocity of light (the propagation constant), while
the sign of the imaginary part gives rise to either loss or gain. In silica
optical fibers, far away from the resonances of the deep UV wavelength
region, which contribute to the background refractive index, the loss is
negligible at telecommunications wavelengths. However, the presence of
defects or rare-earth ions can increase the absorption, even within in the
transmission windows of 1.3 to 1.6 microns in silica optical fiber.

T, can be neglected in low-loss optical fibers in the telecommunications
transmission band, so that the real part, the refractive index, is [32]

A X2
n2 =1+ ; /\T—_—A? (1.1.2)

With i = 3, we arrive at the well-known Sellmeier expression for the
refractive index, and for silica (and pure germania), the A, ¢ = 1 — 3)
are the electronic resonances at 0.0684043 (0.0690) and 0.1162414
(0.1540) um, and lattice vibration at 9.896161 (11.8419) um. Their
strengths A; have been experimentally found to be 0.6961663 (0.8069),
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0.4079426 (0.7182), and 0.8974794 (0.8542) [33,34], where the data in
parentheses refers to GeO,. The group index N is defined as
dn
N=n- Aa—/\, (1.1.3)

which determines the velocity at which a pulse travels in a fiber. These
quantities are plotted in Fig. 1.2, calculated from Egs. (1.1.2) and (1.1.3).
We note that the refractive index of pure silica at 244 nm at 20°C is
1.51086. The data for germania-doped silica may be found by interpolation
of the data for the molar concentration of both materials. Although this
applies to the equilibrium state in bulk samples, they may be modified
by the fiber fabrication process.

The change in the refractive index of the fiber at a wavelength A may
be calculated from the observed changes in the absorption spectrum in
the ultraviolet using the Kramers—Kronig relationship [32,35],

1 M (AaA) - AD)
AnA) = (ZW)QEJAZ o = A (1.1.4)

where the summation is over discrete wavelength intervals around each
of the i changes in measured absorption, a;. Therefore, a source of photoin-
duced change in the absorption at A; = A’ = A, will change the refractive
index at wavelength A.

1.6 ]
158 j— \..‘lGroup Index
1.56 + \\

1.54 A\
152 1\ N
15+ \\
1.48 + e
1_46 4 — BR—
1.44 = —
0.2 0.7 1.2 1.7

Wavelength, microns

Refractive Index

Figure 1.2: Refractive index n and the group index, N of pure silica at 20°C.
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The refractive index of glass depends on the density of the material,
so that a change in the volume through thermally induced relaxation of
the glass will lead to a change An in the refractive index n as

— o~ —~——g, (1.1.5)

where the volumetric change AV as a fraction of the original volume V is
proportional to the fractional change ¢ in linear dimension of the glass.
We now have the fundamental components that may be used to relate
changes in the glass to the refractive index after exposure to UV radiation.
Other interesting data on fused silica is its softening point at 2273°C,
and the fact that it probably has the largest elastic limit of any material,
~17%, at liquid nitrogen temperatures [36].

1.4 Overview of chapters

The book begins with a simple introduction to the photorefractive effect
as a comparison with photosensitive optical fibers in Chapter 2. The
interest in electro-optic poled glasses is fueled from two directions: an
interest in the physics of the phenomenon and its connection with
photosensitive Bragg gratings, and as the practical need for devices that
overcome many of the fabrication problems associated with crystalline
electro-optic materials, of cutting, polishing, and in—out coupling. A fiber-
compatible device is an ideal, which is unlikely to be abandoned. The
fiber Bragg grating goes a long way in that direction. However interesting
the subject of poled glasses and second-harmonic generation in glass
optical fibers and nonlinear behavior of gratings, they are left for another
time. With this connection left for the moment, we simply point to the
defects, which are found to be in common with the process of harmonic
generation, poling of glass, and Bragg gratings. The subject of defects
alone is a vast spectroscopic minefield. Some of the prominent defects
generally found in germania-doped fused silica that have a bearing on
Bragg grating formation are touched upon. The nature and detection
of the defects are introduced. This is followed by the process of photosen-
sitizing optical fibers, including reduced germania, boron-germanium
codoped fibers, Sn doping, and hydrogen loading. The different tech-
niques and routes used to enhance the sensitivity of optical fibers,
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including that of rare-earth doped fibers are compared in a summary
at the end of Chapter 2.

Chapter 3 is on fabrication of Bragg gratings. It deals with the princi-
ples of holographic, point-by-point replication and the technologies in-
volved in the process: various arrangements of the Lloyd and mirror
interferometers, phase-mask, along with the fabrication of different type
of Bragg and long-period gratings, chirped gratings, and ultralong grat-
ings. The attributes of some of the laser sources commonly used for fabrica-
tion are introduced in the concluding section of the chapter.

Chapter 4 begins with wave propagation in optical fibers, from the
polarization response of a dielectric to coupled mode theory, and formu-
lates the basic equations for calculating the response of uniform gratings.
A section follows on the side-tap gratings, which have special applications
as lossy filters. Antenna theory is used to arrive at a good approximation
to the filter response for the design of optical filters. Long-period gratings
and their design follow, as well as the physics of rocking filters. The
last section deals with grating simulation. Here two methods for the
simulation of gratings of arbitrary profile and chirp based on the transfer-
matrix approach and Rouard’s method of thin films are described.

Chapter 5 looks in detail at the different methods available for apodi-
zation of Bragg gratings and its effect on the transfer characteristics.
These include the use of the phase mask, double exposure, stretching
methods, moiré gratings, and novel schemes that use the coherence prop-
erties of lasers to self-apodize gratings.

Chapter 6 introduces the very large area of band-pass filtering to
correct for the “errant” property of the Bragg grating: as the band-stop
filter! We begin with the distributed-feedback (DFB) structure as the
simplest transmission Bragg grating, followed by the multisection grating
design for the multiple band-pass function, chirped grating DFB band-
pass filters widening the gap to address the Fabry-Perot structure, and
moving on to the superstructure grating. Other schemes include the Mi-
chelson-interferometer-based filter, Mach-Zehnder interferometer, prop-
erties, tolerances requirements for fabrication, and a new device based
on the highly detuned interferometer, which allows multiple band-pass
filters to be formed, using chirped and unchirped gratings. An important
area in applications is the optical add-drop multiplexer (OADM), and
different configurations of these are considered, along with their advan-
tages and disadvantages. The special filter based on the in-coupler Bragg
grating as a family of filters is presented. Simple equations are suggested
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for simulating the response of the Bragg reflection coupler. Rocking and
mode-converting filters are also presented, along with the side-tap radia-
tion mode and long period grating filter, as band-pass elements.

Chirped gratings have found a niche as dispersion compensators.
Therefore, Chapter 7 is devoted to the application of chirped gratings,
with a detailed look at the dispersive properties related to apodization
and imperfect fabrication conditions on the group delay and reflectivity
of gratings. Further, the effect of stitching is considered for the fabrication
of long gratings, and the effect of cascading gratings is considered for
systems applications. Systems simulations are used to predict the bit-
error-rate performance of both apodized and unapodized gratings. Trans-
mission results are also briefly reviewed.

The applications of gratings in semiconductor and fiber lasers can be
found in Chapter 8. Here configurations of the external cavity fiber Bragg
grating laser and applications in fiber lasers as single and multiple fre-
quency and -wavelength sources are shown. Gain flattening and clamping
of erbium amplifiers is another important area for long-haul high-bit-rate
and analog transmission systems. Finally, the interesting and unique
application of the fiber Bragg grating as a Raman oscillator is shown.

The ninth and final chapter deals with measurements and testing of
Bragg gratings. This includes basic measurements, properties of different
types of gratings, and measurement parameters. Life testing and reliabil-
ity aspects of Bragg gratings conclude the book.
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Chapter 2

Photosensitivity and
Photosensitization of
Optical Fibers

We have seen in the last chapter that optical fibers have very good optical
properties for light transmission. Electronic absorptions thatlead to atten-
uation are in the deep UV wavelength regime, and the molecular vibra-
tions are far removed from the optical fiber transmission windows of
interest to telecommunications. We have briefly considered the possible
link between the change in absorption and the effect on the refractive
index. Another possibility for the refractive index change is via an electro-
optic nonlinearity. However, the symmetry properties of glass prohibit
the electro-optic effect [11. If there is an electro-optic contribution to the
changes in the refractive index as a result of exposure to UV radiation,
then an internal order would have to be created. This chapter considers
aspects of defects connected with photosensitivity and techniques for pho-
tosensitization of optical fibers. We briefly compare in Section 2.1 the
electro-optic effect [2] and how this may be invoked in glass. This aspect
has recently received considerable interest worldwide but, as already
stated, will not be studied in this book in any detail. Section 2.2 introduces
some of the defects that are linked to the UV-induced change in refractive
index of glass. The hot debate on defects has continued for a number of
years and there are a vast number of “subtleties” with regards to the
same nominal defect state, as well as pathways to achieving transforma-
tions from one state to the other. Some of the defects cannot be detected

13
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by optical means and require sophisticated methods. The task is not made
easy by the various nomenclature used in labeling, so that unraveling
defects is made inaccessible to the layman. A simple overview of the
important defects is given and we point to the literature for a detailed
discussion [3,4]. Section 2.3 looks at the evidence of photoexcitation of
electrons and, in conjunction with Section 2.2, the methods for the detec-
tion of defects. The routes used to photosensitize and fabricate fibers are
presented in the last section.

2.1 Photorefractivity and photosensitivity

It is useful to distinguish the term photorefractivity from photosensitivity
and photochromic effect. Photorefractivity refers to a phenomenon usually
ascribed to crystalline materials that exhibit a second-order nonlinearity
by which light radiation can change the refractive index by creating an
internal electric field [5]. Photosensitivity invariably refers to a permanent
change in refractive index or opacity induced by exposure to light radiation
with the internal field playing an insignificant role. The term traditionally
applies to the color change in certain glasses with exposure to ultraviolet
radiation and heat. Photochromic glass does not depend on the application
of heat to change opacity, and the action is reversible. However, a combina-
tion of these properties is possible in glasses and is a novel phenomenon,
which is currently being studied, not least because it is poorly understood.
Considering the normal polarization response of materials to applied elec-
tric fields may provide a physical insight into the phenomenon of photore-
fractivity and poling of glass.

The induced polarization, P, in a medium can be described by the
relationship

D =¢gkE + P, (2.1.1)

where D is the displacement, E is the applied field, &, is the free space
permittivity, and P is the induced polarization. In a material in which
the polarization is nonlinear, the polarization may be expanded in powers
of the applied field as

il

P sofl)E + eOA}2)E2 + 80,\}3)E3 + ...

e ¥VE + YPE2 + YyIE3 + ..} (2.1.2)

I
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and

g, = D s Y, (2.1.3)

gols
where &, = 1 + y'V is the linear permittivity, y'? is the first term of the
nonlinear susceptibility (which can be nonzero in crystalline media), and
x'¥ is the third-order nonlinearity (nonzero in all materials).
Using Equations (2.1.2) and (2.1.3), the perturbed permittivity under
the influence of an applied electric field is
D
—— =¢, + ¥PE + Y3 E? . .. (2.1.4)
soE
=g + Ae = ¢, (2.1.5)

and since the refractive index n is related to the permittivity as

e=n2

= (ng + An), (2.1.6)
~n2 + 2ny,An

from which immediately follows
An = W2E + Y¥E? .. ). (2.1.7)
2n0

In photorefractive materials with an active 2, an internal charge
can build up due to trapped carriers released from defects. These give
rise to an internal field, which modulates the refractive index locally via
the first term in Eq. (2.1.7). The induced index changes result directly
from the linear electro-optic effect (y'?)) and are in general quite large,
~107*, However, with y® being zero in glass, the induced refractive
index with an applied field can only result from the nonzero third-order
susceptibility, y*. Even if an internal field could develop, the refractive
index change is small, ~10~7; however, as will be seen, if an internal field
is possible in glass, it results in a modest nonlinearity [2]. We now assume
the existence of an internal field £, and apply an external field E, ;.-
The induced index change is as follows:

1
An = e XPE g + Eqppiiod)’ (2.1.8)
= né(E?iC + ZEdc X Eapplied + Egpplied)' (2.1.9)
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The first term in Eq. (2.1.9) indicates a permanent index change, whereas
the third term is the usual quadratic nonlinear effect known as the dc-
Kerr effect. We have used a prime on the nj, to distinguish it from the
optical Kerr constant n,. The interesting relationship is described by the
remaining term,

An = 2néEdc X Eapplied'

(2.1.10)

This relationship is analogous to the linear electro-optic effect, in which
the applied field operates on an enhanced nonlinearity, 2n; E ., due to the
frozeninternal field. If the internal field is large, then a useful nonlinearity
is possible. This effect is believed to be partly the basis of poled glass [2].

In crystalline media with a large photorefractive response, the nonlin-
earity ¥'? is several orders of magnitude larger than the next higher order
coefficient, x** (and hence n5) in glass. From the first term in Eq. (2.1.9)
we can calculate the required field for a change in the refractive index of
10~3. With a measured value of ¥¥ ~ 10722m 2V~ 2for silica, a large inter-
nal field of ~10° V/m would be necessary, equivalent to nj of ~1 pm V™1,
These values have been exceeded in UV photoelectrically poled fiber,
with the highest reported result of ~6 pm/V [6]' Combined with the low
dielectric constant of silica, it has a potentially large bandwidth for electro-
optic modulation. Just how such a large field may develop has been de-
bated. However, it has been suggested by Myers et al. [7,8] that the poling
voltage is dropped across a thin layer (~5 um) within the glass, causing
huge fields to appear.

The electro-optic nature of UV photoinduced refractive index in Bragg
gratings has not been reported, although the presence charges related to
defects could indeed develop an internal field, as in the case of second-
harmonic generation in glass [9]. In the next section, we consider some
of the important defects, which are of interest in unraveling the mystery
of photosensitivity of glass.

2.2 Defects in glass

The nature of fabrication of glass is ideally suited to promoting defects.
The chemical reactions that take place in a modified chemical vapor
deposition (MCVD) [10] process are based on hot gases reacting to form
a soot deposit on the inside of a silica support tube or on the outside in
outside vapor phase deposition (OVD). The process allows the ratio of
reactive gases such as silicon/germanium tetrachloride and oxygen to be
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easily changed to arrive at a nearly complete chemical reaction, depositing
a mixture of germanium and silicon dioxides. It is not possible to have a
100% reaction, so the deposited chemicals have a proportion of suboxides
and defects within the glass matrix. With sintering and preform collapse,
these reaction components remain, although further alterations may take
place while the fiber is being drawn, when bonds can break [11-13]. The
end result is a material that is highly inhomogeneous on a microscopic
scale with little or no order beyond the range of a few molecular distances.
The fabrication process also allows other higher-order ring structures [14]
to form, complicating the picture yet further. There is a possibility of
incorporating not only a strained structure, but also one which has ran-
domly distributed broken bonds and trapped defects.

This is especially true of a fiber with the core dopant germanium,
which readily forms suboxides as GeO, (x = 1 to 4), creating a range of
defects in the tetrahedral matrix of the silica host glass. Given this rich
environment of imperfection, it is surprising that state-of-the-art germa-
nia-doped silica fiber has extremely good properties —low loss and high
optical damage threshold —and is a result of better understanding of
defects, which lead to increased attenuation in the transmission windows
of interest.

Among the well-known defects formed in the germania-doped silica
core are the paramagnetic Ge(n) defects, where n refers to the number
of next-nearest-neighbor Ge/Si atoms surrounding a germanium ion with
an associated unsatisfied single electron, first pointed out by Friebele et
al. [17]. These defects are shown schematically in Fig. 2.1. The Ge(1) and
Ge(2) have been identified as trapped-electron centers [18]. The GeE’,
previously known as the Ge(0) and the Ge(3) centers, which is common
in oxygen-deficient germania, is a hole trapped next to a germanium at
an oxygen vacancy [19] and has been shown to be independent of the
number of next-neighbor Ge sites. Here an oxygen atom is missing from
the tetrahedron, while the germania atom has an extra electron as a
dangling bond. The extra electron distorts the molecule of germania as
shown in Fig. 2.2.

The GeO defect, shown in Fig. 2.2 (LHS), has a germanium atom
coordinated with another Si or Ge atom. This bond has the characteristic
240-nm absorption peak that is observed in many germanium-doped pho-
tosensitive optical fibers [21]. On UV illumination, the bond readily
breaks, creating the GeE’ center. It is thought that the electron from the
GeE’ center is liberated and is free to move within the glass matrix via
hopping or tunneling, or by two-photon excitation into the conduction
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Oxygen-deficient
NBOHC Ge (divalent bonding)

Figure 2.1: A schematic of proposed Ge (or Si) defects of germania-doped
gilica. The characteristic absorption of the Ge(1) is ~280 nm (4.4 ¢V) [18] and is
a trapped electron at a Ge (or Si) site; Ge(2) has an absorption at 213 nm (5.8
eV) and is a hole center. The peroxy radical has an absorption at 7.6 eV (163 nm)
and at 325 nm (3.8 eV) [15,16].

band [22-24]. This electron can be retrapped at the original site or at
some other defect site. The removal of this electron, it is believed, causes
a reconfiguration of the shape of the molecule (see Fig. 2.2), possibly also
changing the density of the material, as well as the absorption. It appears
that the Ge(1) center is the equivalent of the germanium defects observed
in a-quartz, known as the Ge(I) and Ge(II), but less well defined [23].

Phosphorus forms a series of defects similar to those of germanium.
However, the photosensitivity is limited at 240 nm and requires shorter
wavelengths, such as 193-nm radiation [24].

Other defects include the nonbridging oxygen hole center (NBOHC),
which is claimed to have absorptions at 260 and 600 nm, and the peroxy



2.3. Detection of defects 19

Ge/Si Ge/Si

Absorption of photon
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Spontaneous
recombination
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defect Ge(3) or GeE’ hole

center

Figure 2.2: The GeO defect of germania-doped silica, in which the atom adja-
cent to germanium is either a silicon or another germanium. It can absorb a
photon to form a GeE’ defect. The Ge(0) or Ge(3) are a GeE' center [20]. The
GeE' defect shows the extra electron (associated with the Ge atom), which may
be free to move within the glass matrix until it is retrapped at the original defect
site, at another GeE’ hole site, or at any one of the Ge(n) defect centers.

radical (P-OHC) [25], believed to absorb at 260 nm. Both are shown in
Fig. 2.1.

2.3 Detection of defects

A considerable amount of work has been done in understanding defects
in glass. Detection of defects may be broadly categorized into four groups:
optically active defects can be observed because of their excitation spec-
trum or excitation and luminescence/fluorescence spectrum while opti-
cally inactive defects are detectable by their electron spin resonance
signature, or ESR spectrum, together with optical emission spectrum.
The model of the defects as shown in Fig. 2.2 suggests the liberation
of electrons on absorption of UV radiation. It should therefore be possible
to detect liberated charges experimentally; since silica has a high volume
resistivity, it is necessary to choose a geometry that can directly enable
the measurement of electric currents. Photosensitivity has been explored
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both indirectly, e.g., by etching glass exposed to radiation or using second-
harmonic generation [9,26,27] as a probe, and directly, e.g., by measure-
ment of photocurrent in germania-doped planar waveguides [28] and
across thin films of bulk glass [29].

It has been concluded that the photocurrent is influenced by the
fluence of the exciting UV radiation; the photocurrent (probably by tunnel-
ing [29]) is a linear function of the power density for CW excitation [28],
while for pulsed, high-intensity radiation, it takes on a two-photon excita-
tion characteristic [29].

The paramagnetic defects of the Ge(n) type including the E’ center
are detected by ESR. The GeE’ has an associated optical absorption at
4.6 eV [30].

2.4 Photosensitization techniques

A question often asked is: Which is the best fiber to use for the fabrication
of most gratings? Undoubtedly, the preferred answer to this question
should be standard telecommunications fiber. Although techniques have
been found to write strong gratings in this type of fiber, there are several
reasons why standard fiber is not the best choice for a number of applica-
tions. Ideally, a compatibility with standard fiber is desirable, but the
design of different devices requires a variety of fibers. This does open the
possibility of exploiting various techniques for fabrication and sensitiza-
tion. Here we look in some detail at the behavior of commonly used species
in optical fiber and present their properties, which may influence the type
of application. For example, the time or intensity of UV exposure required
for the writing of gratings affects the transmission and reliability proper-
ties. This results in either damage (Type II gratings) [31] or the formation
of Type I, at low fluence, and Type IIA gratings [32], each of which have
different characteristics (see Section 2.4.1).

The use of boron and tin as a codopant in germanosilicate fibers, hot
hydrogenation and cold, high-pressure hydrogenation, and flame-assisted
low-pressure hydrogenation (“flame-brushing”) are well-established pho-
tosensitization methods. The type of the fiber often dictates what type of
grating may be fabricated, since the outcome depends on the dopants.

The literature available on the subjects of photosensitivity, the com-
plex nature of defects, and the dynamics of growth of gratings is vast
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[34]. The sheer numbers of different fibers available worldwide, further
complicates the picture and by the very nature of the limited fiber set
available within the framework of a given study and the complex nature
of glass, comparisons have been extremely difficult to interpret. This is
not a criticism of the research in this field, merely a statement reiterating
the dilemma facing researchers: how to deal with far too many variables!
In order to draw conclusions from the available data, one can simply
suggest a trend for the user to follow. A choice may be made from the set of
commonly available fibers. For a certain set of these fibers (e.g., standard
telecommunications fiber) the method for photosensitization may be sim-
ply hydrogenation, or 193-nm exposure. It is often the availability of the
laser source that dictates the approach.

2.4.1 Germanium-doped silica fibers

Photosensitivity of optical fibers has been correlated with the concentra-
tion of GeO defects in the core [33,34]. The presence of the defect is
indicated by the absorption at 240 nm, first observed by Cohen and Smith
[35] and attributed to the reduced germania state, Ge(II). The number
of these defects generally increases as a function of Ge concentration.
Figure 2.3 shows the absorption at 242 nm in a perform with the germa-

500 .
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Figure 2.3: Absorption at 242 nm in preform samples before and after col-
lapse as a function of Ge concentration (after Ref. [36]).
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nium concentration [36]. The slope in this graph is ~28 dB/(mm-mol%)
of Ge before the preform sample is collapsed (dashed line). After collapse,
the number of defects increases, and the corresponding absorption
changes to ~36 dB/(mm-mol%) (Fig. 2.3 continuous line).

Increasing the concentration of defects increases the photosensitivity
of the fiber. This can be done by collapsing the fiber in a reducing atmo-
sphere, for example, by replacing oxygen with nitrogen or helium [36] or
with hydrogen [37,49].

The 240-nm absorption peak is due to the oxygen-deficient hole center
defect, (Ge-ODHC) [38] and indicates the intrinsic photosensitivity. It can
be quantified as [39]

k = Qgy9 nm/C, (2.4.1)

where ay49 nrm, is the absorption at 242 nm and C is the molar concentration
of GeO,. Normally C lies between 10 and 40 dB/(mm-mol% GeO,). Hot
hydrogenation is performed on fibers or preforms at a temperature of
~650°C for 200 hours is 1 atm hydrogen [40]. The absorption at 240 nm
closely follows the profile of the Ge concentration in the fiber [33], and &
has been estimated to be large, ~120 dB/(mm-mol% GeO,).

The saturated UV-induced index change increases approximately lin-
early with Ge concentration after exposure to UV radiation, from ~3 X
1075 (3 mol% GeO%,) for standard fiber to ~2.5 X 10™* (~20 mol% GeO,)
concentration, using a CW laser source operating at 244 nm [49]. However,
the picture is more complex than the observations based simply on the
use of CW lasers. With pulsed laser sources, high-germania-doped fiber
(8%) shows an the initial growth rate of the UV-induced refractive index
change, which is proportional to the energy density of the pulse. For low
germania content, as in standard telecommunications fiber, it is propor-
tional to the square of the energy density. Thus, two-photon absorption
from 193 nm plays a crucial role in inducing maximum refractive index
changes as high as ~0.001 in standard optical fibers [41]. Another, more
complex phenomenon occurs in untreated germania fibers with long expo-
sure time, in conjunction with both CW and pulsed radiation, readily
observable in high germania content fibers [47]. In high-germania fiber,
long exposure erases the initial first-order grating completely, while a
second-order grating forms. This erasure of the first-order and the onset
of second-order gratings forms a demarcation between Type I and Type
ITA gratings.
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Increasing the energy density damages the fiber core, forming Type
IT gratings [31]. The thermal history of the fiberis also of great importance,
as is the mechanical strain during the time of grating inscription. Signifi-
cantly, even strains as low as 0.2% can increase the peak refractive index
modulation of the Type IIA grating in high germanium content fiber
[42,43]. High-germania-doped (30%Ge) fibers drawn under high pulling
tension show the opposite behavior [44], indicating the influence of elastic
stress during drawing rather than the effect of drawing-induced defects
[45]. Annealing the fiber at 1100°C for 1 hour and then cooling over 2
days reduces the time for the erasure of the Type I grating, as well as
increasing the maximum refractive index modulation achievable in the
Type IIA regime. With tin as a codopant in high-germanium fiber, the
general overall picture changes slightly, but the dynamics are similar,
except for reduced index change under strained inscription [46]. Thus,
absolute comparison is difficult, and one may use the germania content
as an indicator, bearing in mind the complex nature of the dynamics of
grating formation in germania-doped silica fiber. Typical results for a
high-germania fiber are shown in Fig. 2.4. The growth of the refractive
index modulation as a function of time stops in the case of all three fibers
shown, dropping to zero before increasing once again to form Type IIA
gratings.

Photosensitivity of fiber fabricated under reduced conditions as a
function Ge concentration also increases, but it is not sufficient to interpret
the data by the maximum index change. The reason for this is the induc-
tion of Type IIA gratings [47] in relatively low concentration of Ge. Mea-
surements performed under pulsed conditions reveal that the onset of the
Type IIA grating is almost certainly always possible in any concentration
of Ge; only the time of observation increases with low concentrations,
although for practical purposes this time may be too long to be of concern.
Figure 2.5 shows data from the growth of the average index on UV expo-
sure as a function of Ge concentration in fibers, which have been reduced.
The maximum index should change monotonically; however, above a cer-
tain concentration, the onset of Type IIA forces the observed maximum
index change for point B (20 mol% Ge), since the grating being written
slowly disappears before growing again. While the maximum reflectivity
should increase to higher levels, within the time frame of the measure-
ments this fiber appears to be less sensitive. A better indicator is the
initial growth rate of the index change, since Type IIA grating is not
observed for some time into the measurements. Figure 2.5 shows an
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Figure 2.4: The growth dynamics of the refractive index change in 20 mol%
Ge: 1 mol% Sn. The three data are for A: pristine fiber, B: after annealing, and
C: under strain of 0.2%. The Type IIA grating begins after the initial erasure.
(from: Douay M., Xie W. X., Taunay T., Bernage P.,, Niay P., Cordier P., Poumellec
B., Dong L., Bayon J. F., Poignant H., and Delevaque E., “Densification involved
in the UV based photosensitivity of silica glasses and optical fibers,” J. Lightwave
Technol. 15(8), 1329-1342, 1997. © IEEE 1997.)

approximately linear increase in the rate of growth of the UV-induced
average refractive index. The data has been interpreted from Ref. [48],
bearing in mind that the for the initial growth rate in low germanium
fibers, there is a time delay before the grating begins to grow.
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Figure 2.5: Concentration dependence of the maximum-index and its initial
growth rate as a function of germania concentration in oxygen-deficient fibers.
The two isolated points refer to unreduced samples (interpreted from Ref. [48]).

Figure 2.6 shows the actual growth of the transmission dip (equiva-
lent to the increase in reflection) for several reduced germania fibers [48].
Note in particular the change in the transmission due to the onset of Type
ITA grating. At this point, the Bragg wavelength shift is reduced [47],
making the maximum average index measurement difficult.

Measurement of the shift in the Bragg wavelength is a reasonable
indicator for the UV induced index change for a fiber well below the start
of saturation effects. With saturation, care needs to be taken, since the
bandwidth of the grating increases, making it more difficult to accurately
measure the wavelength shift. The ac index change should be calculated
from the bandwidth and the reflectivity data along with the Bragg wave-
length shift to accurately gauge the overall ac and dc components of the
index change (see Chapters 4 and 9).

The growth rate and the maximum index change are of interest if
strong gratings are to be fabricated in a short time frame. This suggests
that reduced germania is better than normal fiber on both counts. How-
ever, the maximum index change is still lower than required for a number
of applications and the time of fabrication excessive. The use of hot hydro-
gen to reduce germania has the additional effect of increasing loss near
1390 nm due to the formation of OH™ hydroxyl ions [49,501. The absorption
loss at 1390 nm is estimated to be ~0.66, 0.5, and 0.25 dB/(m-mol%) at
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Figure 2.6: Growth of the transmission dip with fluence for different types
of reduced germania fibers. For the 20 mol% germania fiber, a reduction in the
reflectivity is probably due to Type IIA grating formation. (from: Griiner-Nielsen
L. and Hiibner J., “Photosensitive fiber for highly reflective Bragg gratings,” in
Tech. Digest of Conf. on Opt. Fiber Commun. OFC’97, paper WL16, p. 178, 1997.)

1390, 1500, and 1550 nm, respectively [40]. One major advantage of fibers
that have been reduced is that they are rendered permanently photosensi-
tive and require the minimum of processing, compared with hydrogenated
fibers (see following sections).

The incorporation of 0.1% nitrogen in germanium-doped silica fiber
by the surface plasma assisted chemical vapor deposition (SPCVD) process
[51] has been shown to have a high photosensitivity [52]. The effect on
the 240-nm absorption is dramatic, raising it to 100 dB/mm/mol% GeOs,,
doubling it compared to the equivalent for germanium doping alone. The
induced refractive index changes are reported to be large (2.8 X 1073)
and much larger (0.01) with cold hydrogen soaking of 7 mol%Ge;0 mol%N
fiber. The Type IIA threshold is reported to increase by a factor of ~6
over that in nitrogen-free, 20 mol% Ge fibers. However, there is evidence
of increase in the absorption loss in the 1500-nm window with the addition
of nitrogen. The next most photosensitive fibers are the germania—boron
or tin-doped fibers.
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2.4.2 Germanium-boron codoped silicate fibers

The use of boron in soda lime and silicate glass has been known for a
long time [53]. It has also been established that boron, when added to
germania-doped silicate glass, reduces the refractive index. The transfor-
mational changes that occur depend on the thermal history and processing
of the glass. As such, it is generally used in the cladding of optical fibers,
since the core region must remain at a higher refractive index. Compared
to fluorine, the other commonly used element in the cladding (in conjunc-
tion with phosphorus), the refractive index modification is generally at
least an order of magnitude larger, since more of the element can be
incorporated in the glass. Thus, while the maximum index difference from
fluorine can be approximately —10~3 with boron, the index change can
be >|-0.01]. This opens up many possibilities for the fabrication of novel
structures, not least as a component to allow the incorporation of even
more germania into glass while keeping a low refractive index difference
between the cladding and core when both are incorporated into the core.
One advantage of such a composition is the fabrication of a fiber that is
outwardly identical in terms of refractive index profile and core-to-clad-
ding refractive index difference with standard single-mode optical fibers,
and yet contains many times the quantity of germania in the core. The
obvious advantage is the increased photosensitivity of such a fiber with
the increased germania. Indeed, this is the case with boron-germanium
(B-Ge) codoped fused silica fiber [54]. The typical profile of a B-Ge preform
is shown Fig. 2.7. The raised refractive index dashed line shows the
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Figure 2.7: The refractive index components due to germanium and boron
(dashed and dotted lines) contributing to the resultant preform profile (continuous
line) [54].
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contribution due to the germanium concentration, while the negative
refractive contribution is due to the boron, resulting in the continuous
line positive refractive index profile.

It should be noted that with boron and germanium, it is possible to
selectively place a photosensitive region anywhere in the fiber, without
altering the wave guiding properties. Other types of profiles possible are
boron with highly doped germanium in a cladding matched to silica for
liquid cored fibers [55], in-cladding gratings for lasers [56], and special
fiber for side-tap filters and long-period gratings [57,58].

B-Ge codoped fiber is fabricated using MCVD techniques and a stan-
dard phosphorus—fluorine cladding matched silica tube with normal oxi-
dizing conditions. The reactive precursor vapors are SiCl,, BCl;, and
GeCl,, with oxygen as a carrier for the core deposition. For a composition
equivalent to ~16 mol% germanium, the photosensitivity in comparison
with 20 mol% unreduced germanium fiber shows an improvement >3-
fold in the UV-induced refractive index modulation as well as an order of
magnitude reduction in the writing time. With respect to 10 mol% reduced
germanium fiber, the improvement in the maximum refractive index mod-
ulation is ~40% with a X6 reduction in the writing time. The maximum
refractive index change is close to 1072 for this fiber induced with a CW
laser operating at 244 nm [54].

A point worth noting with B-Ge fibers is the increased stress, and
consequently, increased induced birefringence [59]. The preforms are diffi-
cult to handle because of the high stress. However, the real advantages
with B-Ge fibers are the shortened writing time, the larger UV-induced
refractive index change, and, potentially, fibers that are compatible with
any required profile, for small-core large NA fiber amplifiers, to standard
fibers.

B-Ge fibers form Type IIA gratings [60] with a CW 244-nm laser, as
is the case with the data shown in Fig. 2.4. This suggests that there is
probably little difference due to the presence of boron; only the high
germanium content is responsible for this type of grating. There is a
possibility that stress is a contributing factor to the formation of Type
ITA [61]; recent work does partially indicate this but for germanium-doped
fibers [44].

Typically, gratings written with CW lasers in B-Ge fiber decay more
rapidly than low germanium doped (5 mol%) fibers when exposed to heat.
Gratings lose half their index modulation when annealed at ~400°C (B-
Ge: 22:6.3 mol%) and ~650°C (Ge 5 mol%) [46] for 30 minutes. A detailed
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study of the decay of gratings written in B-Ge may be found in Ref. [62].
The thermal annealing of gratings is discussed in Chapter 9.

Boron causes additional loss in the 1550-nm window, of the order of
~0.1 dB/m, which may not be desirable. For short gratings, this need not
be of concern.

2.4.3 Tin-germanium codoped fibers

Fabrication of Sn codoped Ge is by the MCVD process used for silica
fiber by incorporating SnCl, vapor. SnO, increases the refractive index
of optical fibers and, used in conjunction with GeQ,, cannot be used as
B,04 to match the cladding refractive index, or to enhance the quantity
of germanium in the core affecting the waveguide properties. However,
it has three advantages over B-Ge fiber: The gratings survive a higher
temperature, do not cause additional loss in the 1500-nm window, have
a slightly increased UV-induced refractive index change, reported to be
3 times larger than that of B-Ge fibers. Compared with B-Ge, Sn-Ge fibers
lose half the UV-induced refractive index change at ~600°C, similarly to
standard fibers [63].

2.4.4 Cold, high-pressure hydrogenation

The presence of molecular hydrogen has been shown to increase the ab-
sorption loss in optical fibers over a period of time {64]. The field was
studied extensively [65], and it is known that the hydrogen reacts with
oxygen to form hydroxyl ions. The increase in the absorption at the first
overtone of the OH vibration at a wavelength of 1.27 um was clearly
manifest by the broadband increase in loss in both the 1300-nm and, to
a lesser extent, in the 1500-nm windows. Another effect of hydrogen is
the reaction with the Ge ion to form GeH, considerably changing the band
structure in the UV region. These changes, in turn, influence the local
refractive index as per the Kramers—-Kronig model. The reaction rates
have been shown to be strongly temperature dependent {65]. It has been
suggested that the chemical reactions are different on heat treatment
and cause the formation of a different species compared to illumination
with UV radiation. However, no noticeable increase in the 240-nm band
is observed with the presence of interstitial molecular hydrogen in Ge-
doped silica. The highest refractive index change induced by UV radiation
is undoubtedly in cold hydrogen soaked germania fibers. As has been
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seen, an atmosphere of hot hydrogen during the collapse process or hot
hydrogen soaking of fibers enhances the GeO defect concentration [37].
The presence of molecular hydrogen has been known to induce increases
in the absorption loss of optical fibers, since the early day of optical
fibers [50]. Apart from being a nuisance in submarine systems, in which
hydrogen seeps into the fiber, causing a loss that increases with time of
exposure, cold high pressure hydrogen soaking has led to germanium-
doped fibers with the highest observed photosensitivity [66]. Any germa-
nia-doped fiber may be made photosensitive by soaking it under high
pressure (800 bar) and/or high temperature (<150°C). Molecular hydrogen
in-diffuses to an equilibrium state. The process requires a suitable high-
pressure chamber into which fibers may be left for hydrogen loading.
Once the fiber is loaded, exposure to UV radiation is thought to lead to
a dissociation of the molecule, leading to the formation of Si-OH and/or
Ge-OH bonds. Along with this, there is formation of the Ge oxygen-
deficient centers, leading to a refractive index change. Soaking the fiber
at 200 bar at room temperature for ~2 weeks is sufficient to load the
125-micron diameter fiber at 21°C [66].

UV exposure of standard hydrogen fibers easily yields refractive index
changes in excess of 0.011 [67] in standard telecommunications fiber, with
a highest value of 0.03 inferred [68]. Almost all Ge atoms are involved in
the reactions giving rise to the index changes. Figure 2.8 shows the
changes in the refractive index profile of a standard fiber before and after
exposure to pulsed UV radiation at 248 nm (~600 mdJ/cm?, 20 Hz, 60-
minute exposure) [68]. The growth of gratings is long with CW lasers
(duration of 20 minutes for strong gratings with refractive index changes
of ~1-2 X 1073). The picture is quite different with the growth kinetics
when compared with non-hydrogen-loaded germania fibers. To date, Type
IIA gratings have not been observed in hydrogen-loaded fibers. There is
also no clear evidence of the stress dependence of grating growth [44].
Whereas in Type IIA the average UV-induced refractive index change is
negative, in hydrogen-loaded fibers the average refractive index grows
unbounded to large values (>0.01).

Heating a hydrogen-loaded fiber increases the refractive index rap-
idly, even in P,05 and P,05:A1,04-doped multimode fibers [68], although
pure silica is not sensitized.

The dynamic changes that occur in the process of fiber grating fabrica-
tion are complex. Even with hydrogen-loaded fibers, there are indications
that as the grating grows, the absorption in the core increases in the UV,
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Figure 2.8: The refractive index profile of a 2.8% hydrogen-soaked standard
fiber, before and after UV exposure with pulsed radiation at 248 nm (Courtesy
P. Lemaire from: Lemaire P. J., Vengsarkar A. M., Reed W. A., and Mizarhi V,,
“Refractive index changes in optical fibers sensitized with molecular hydrogen,”
in Technical Digest of Conf. on Opt. Fiber Commun., OFC’94, pp. 47-48, 1994.)

as does the 400-nm luminescence [69]. Martin et al. [69] have found a
direct correlation between refractive index change increase and lumines-
cence. Figure 2.9 shows the transmission spectra of two gratings in hydro-
genated standard fiber at different stages of growth, with the UV radiation
at 244 nm CW switched on and off. With the UV switched on, the Bragg
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Figure 2.9: Shift in the Bragg wavelength as the UV radiation is switched
on and off for two different strength gratings (after Ref. [70]).
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wavelength shifts 0.05 nm to longer wavelengths at a grating reflectivity
of ~1.4 dB. When the grating has grown to ~27 dB (different grating but
same fiber), the shift is 0.1 nm, equivalent to an equilibrium temperature
increase of the fiber of ~80°C. At the start of grating growth (<1 dB), the
shift is not noticeable.

The formation of OH™ ions with UV exposure increases the loss in
the 1500-nm window. There are two peaks associated with the formation
of Si-OH (1.39 um) and Ge-OH (1.42 um) on UV exposure [71]. A concen-
tration of 1 mol% of OH™ increases the loss at 1.4 um by 5 dB. This is
avoided by soaking the fiber in deuterium, which shifts the first overtone
OD of the water peak to ~1.9 um [74].

Another feature of hydrogen loading is the increased loss at wave-
lengths less than 1 um after UV exposure of hydrogen-loaded fibers. The
loss has a wavelength dependence at <0.95 um of e *%2, where A is in
microns [74].

Hydrogen loading of optical fibers

The loading of optical fibers with hydrogen is both temperature and pres-
sure dependent. The diffusion coefficient of hydrogen is [50]

D = 2.83 X 10 %(740-19 kJ/molVRT o2/ (2.4.2)

where R = 8.311 J/(K-mol) and T is the temperature in degrees Kelvin.
The concentration of hydrogen in the fiber is calculated by solving the
diffusion equation [72] as a function of radial position p and time ¢:

J 1
Clpt) = E Jgiz"f,; DRt f opdo(m.p)dp,  (2.4.3)
n 0

where u,, are the nth zeroes of the J, Bessel function, D is the diffusion
coefficient, and R is the radius of the fiber. Cj, is the initial concentration,
and ¢(p) = 1 if hydrogen is diffusing into the fiber and —1 for out-diffusion.
The dynamics of the concentration have been modeled by Bhakti et al.
[73] to study the effect on the drift of the resonance wavelength of a long-
period grating. Under an ambient pressure of 200 bar, the in-diffusion of
hydrogen is shown in Fig. 2.10 as a function of the radius of the radial
position for different times. The out-diffusion of hydrogen is shown for
different times as the fiber is removed from the high-pressure chamber
[74] in Fig. 2.11. The first overtone OH™ peak at 1.245 um can be used
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Figure 2.10: In-diffusion profile of hydrogen at 200 bar pressure in a 125-
pm diameter fiber as a function of time at 23°C (courtesy F. Bhakti, Ref. [73]).
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Figure 2.11: Out-diffusion profile of hydrogen in a 125-um diameter fiber
at 23°C (courtesy F. Bhakti, Ref. [73]).

to verify the concentration of hydrogen in the core [74,75]; the absorption
at 1.245 um is ~3 dB/(mol% H,) (equivalent to 10* ppm in a mole of
silica).

The wavelength shifts of long-period gratings (LPGs, see Chapter 4)
resonances can be in excess of 150 nm to the long wavelength as the
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hydrogen diffuses out of the core after fabrication of the grating, before
returning to the original wavelength. Note that the resonance of the LPG
is only dependent on the difference in the core and cladding refractive
indexes, since it is the relative difference that is important (see Chapter
4). The effect on the refractive index of the fiber as the hydrogen out-
diffuses is a complicated process, as shown by Malo et al. [76] using Bragg
gratings. Once the fibers are removed from the chamber, the hydrogen
begins to diffuse out but is fixed in the core by UV irradiation during
grating fabrication. Depleted in the core, hydrogen in the cladding diffuses
in before diffusing out. The stress changes the molecular polarizability
of hydrogen [77], as well as the Bragg wavelength, first toward long, and
then toward short wavelengths. The drift in the wavelength is found to
be 0.72 nm for an initial pressure of 100 bar. The Bragg wavelength is
sensitive to the net refractive index of the core, not to the difference
between the core and the cladding as for the LPG. The dynamics of the
coupling between the modes in LPGs has also been reported [78].

To prevent the fiber from out-gassing prematurely, it should be stored
at low temperatures (—70°C) until it is used.

The diffusion time taken to reduce the hydrogen initial concentration,
Cy/e, in the core is shown in Fig. 2.12a as a function of fiber diameter,
at room temperature (20°C). Also shown is the diffusion time for standard
fiber as a function of temperature (Fig. 2.12b).

2.4.5 Rare-earth-doped fibers

For a vast number of applications, such as fiber lasers and amplifiers, it
is necessary to fabricate gratings in rare-earth-doped fibers. It is more
difficult to write Bragg gratings in these fibers than in standard fibers.
Worse, germanium is replaced by aluminum (Al,O3) to reduce the effect
of quenching and lifetime shortening [79]. The lack of germanium reduces
the photosensitivity of optical fibers, even with hydrogen sensitization,
although gratings have been reported [46]. Gratings can be formed in
most fibers, but the index changes remain weak (<10~ %) in all cases with
240-nm irradiation except in hydrogen-loaded Al/Ce or Al/Tb. With 193-
nm irradiation, A/Yb/Er fiber has shown index changes of 10™% while
hydrogen loading increases this figure to ~10~3. The conclusion is that
hydrogen loading improves the photosensitivity of germanium-free rare-
earth-doped fibers. However, only a small subset of Er, Nd, and Ce and
Tb-doped silicate fibers show reasonable photosensitivity (>10"*) [46].
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Figure 2.12: Out-diffusion time (1/e of initial concentration, C, of hydrogen
as a function of fiber diameter at 20°C (a), and the diffusion time for a standard

fiber as a function of temperature (b) (courtesy F. Bhakti).

The direct writing of gratings in RE fibers is limited to longish lengths,
which suits the fabrication of narrow-band DFB fiber lasers. All gratings
are of Type I or Type II; Type IIA has not been reported. A summary of
the results on the most photosensitive fibers is listed in Table 2.1.

2.5 Densification and stress in fibers

There is increasing evidence that densification and stress increase in opti-
cal fibers contributes to the change in the refractive index [84-87]. Surface
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TABLE 2.1: League table of rare-earth-doped silica photosensitive fiber.

Core dopant with Al, UV source:

Ge-free pulsed (nm) ~An (pk—pk) Reference
Undoped reference sample 193 5% 107° 46
Eu®* 248 2.5 X 107° 80
Ce3* 265 3.7x107* 43, 81
Yb3* and Ex®* 193 1074 46
P and Ce?* 266 1.4 x 1074 82
Ce®" and H, 240 1.5 x 1073 43
Tb®* and H, 240 6x107* 83
Er®* and H, 235 5 X 1075 43
Tm3* and H, 235 8 x 1075 43
Yb3*: Er®* and H, 193 5x 1074 43

AFM scans of unetched samples show that the surface densifies in the UV
illuminated regions [100]. In Fig. 2.13 is shown an atomic force microscope
(AFM) scan of the surface of an Andrew Corp. D-fiber. After a grating has
been written, the fiber is etched in buffered solution (3 vol% NH,F 40%, 1
vol of HF 49% diluted with 50% saturated citric acid) with HF 25% for 110
minutes. The revealed pattern is indicative of structural modification in
the glass, which influences the etch rate [88]. Stress measurement made
optically show that the tensile stress increases in the core, reducing the
induced refractive index change by as much as 30% [101] (see Chapter 9).

2.6 Summary of photosensitive
mechanisms in germanosilicate fibers

There appear to be three routes by which a photo-induced refractive index
change occurs in germanosilicate optical fibers:

1. Through the formation of color centers (GeE’)

2. Densification and increase in tension

3. Formation of GeH
Broadly speaking, all three mechanisms prevail in optical fibers. The
relative importance of each contribution depends on the type of optical

fiber and the photosensitization process used. Most fibers, if not all, show
an increase in the population of GeE’ centers (trapped hole with an oxygen



2.6 Summary of photosensitive mechanisms in germanosilicate fibers 37

Experimental conditions :
e grating inscription : 8000 pulses at a fluence per pulse of
185 m] /am?, grating pitch = 0.453 pm, R = Rynax.
es A F.M. was performed after etching the fibre for 110 mn
using buffered solution BOE mixed with 25% of HF.
BOE is (3 vol. of [NH4F] 40%, 1 vol. of [HF] 49% diluted by 50%
with saturated citric acid).

Figure 2.13: AFM scan of a D-fiber surface. Surface etched after grating
inscription to reveal the chemically modified structure (courtesy Marc Douay, Ref.
[88]).

vacancy) after UV exposure [89]. This is formed by the conversion of the
electron-trapped Ge(I) center, which absorbs at ~5 eV. The change in the
population of the GeE' centers cause changes in the UV absorption spec-
tra, which lead to a change in the refractive index directly through the
Kramers—Kronig relationship [90] [Eq. (1.1.4)]. This process is common
to all fibers. The color center model, originally proposed by Hand and
Russell [91], only explains part of the observed refractive index changes
of ~2 X 10™* in nonhydrogenated optical fibers [92,93].

The second mechanism is a structural alteration in the mechanical
nature of the glass and was pointed out several years ago by Bernardin
and Lawandy [94]. In the model, a collapse of a higher-order ring structure
was proposed as a possible effect of irradiation, leading to densification.
The densification of silica under UV irradiation is well documented [95].
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However, the picture is not as simple, since another mechanism opposes
it: the relief of the internal stress frozen in during fiber fabrication, on
UV exposure [96,97]. Stress relief can only remove the effect of the frozen-
in stress and is therefore strongly dependent on the initial thermoelastic
stress at fabrication. There is correlation between fiber drawing tension
and the maximum induced index change for Type I gratings but reduced
maximum index change for Type ITA [98]. The process of densification
has been shown to occur in fibers as evidenced by scans using an atomic
force microscope of the surface of D-shaped fibers and in etched fibers
[99], and in preform samples that were drawn into a D-shaped fiber
[100]. These observations are on the surface of the sample and are unable
to replicate the stress profiles within the core of the fiber directly. Direct
optical measurement of in-fiber stress has indicated that rather than the
relief of the stress, tensile stress actually increases with an associated re-
ductioninthe averagerefractiveindexby ~30% of the observed UV induced
refractive index change in non-hydrogen loaded, high-germania-content fi-
bers [101]. The changes in the stress profile of the fiber are consistent with
the shift in the Bragg wavelength of a grating during inscription [102].

The third mechanism for the UV induction of the refractive index
change is via the formation of Ge-H and the generation of GeE’ centers;
it was proposed by Tsai and Friebele [89]. The concentration of the GeE’
have been previously correlated with the presence of the precursor states
of the Ge(I) and Ge(II) centers. However, the concentration of GeE’ centers
continues to grow despite the saturation of both Ge(I) and Ge(II), indicat-
ing that the formation of the E’ centers has another route. The color
center model for the changes in the refractive index is supported by the
measurements made by Atkins et al. [103].

2.7 Summary of routes to
photosentization

A method for photosensitizing silica optical fiber is based on the observa-
tion that increasing the 240-nm absorption enhances the effect [104].
Thus, reduced germania present as GeO has been shown to have a good
photosensitive response. Other defect formers, such as europium [80],
cerium [81], and thulium [43], also fall in this category, albeit with a
smaller effect. Phosphorus, which is used extensively in the fabrication
of germania-doped silica planar waveguides, shows a weak response with
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radiation around 240 nm. However, the situation changes with radiation
at 193 nm, as has been demonstrated [46].

Silica optical fibers with cores doped with germania, phosphorus, or
alumina all exhibit increased photosensitivity when fabricated in a reduc-
ing atmosphere of hot hydrogen [105,106]. The negative effect of this type
of treatment is the increase in the absorption due to the presence of OH™
ionsandalsoanincreasein therefractiveindex ofthe core. Flame-brushing,
i.e., heating optical fiber or planar silica waveguides using a flame in a hy-
drogen-rich atmosphere, has also been used for photosensitization [107].
Hydrogen is able to diffuse into the fiber rapidly at elevated temperatures.

Germanosilicate optical fiber codoped with boron has been shown to
be highly photosensitive [40]. Another advantage of the presence of boron
is the large reduction in the background refractive index, allowing more
germania to be added in the core for a given core-cladding index difference.
It is believed that with boron physiochemical changes are responsible for
the UV-induced index changes (approximately a few thousandths). Boron-
codoped fiber gratings decay with temperature more rapidly than pure-
germania doped fibers, although there are way to enhance their stability
by using burn-in (see Chapter 9). The presence of boron also increases
the absorption loss in the 1500-nm window by ~0.1 dBm ™. An alternative
scheme to circumvent the problems associated with boron is to use Sn
codoping with germania [63]. This combination is more difficult to fabri-
cate, but has virtually no additional absorption in the 1500-nm window,
has a similar photosensitivity to the B-Ge system, and exhibits better
temperature stability. There is no reduction in the refractive index with
Sn doping.

Finally, the system that has demonstrated the largest photosensitive
response in germanosilicate optical fibers is high-pressure cold hydrogen
soaking [66]. It has been demonstrated that nearly every germanium ion
is a potential candidate for conversion from the Ge-O to the Ge-H state
[108], causing index changes as large as 0.01, although the ultimate magni-
tude ofthe index change is not known. Once hydrogenated, these fibers need
to be stored at low temperatures to maintain their photosensitivity, since
molecular hydrogen diffuses out just as readily as it can be introduced. A
major disadvantage of writing gratings into cold-hydrogen-sensitized fiber
gratings is the high loss of several decibels per meter at 1320 nm (OH™
absorption). Deuteration eliminates the absorption at 1320 nm, while
maintaining the photosensitivity [68]. A summary of the all currently
known techniques of photosensitizing fibers is listed in Table 2.2.



TABLE 2.2: Routes to photosensitization of optical fibers.

Fabrication
Fiber type process Photosensitivity Advantages Disadvantages
Standard Standard CVD/ Very low: Easy production, Very low
telecommunications PECVD Photosensitive useful for low photosensitivity,
germania-doped index chanbge, én reflectivity low birefringence,
fiber ~3 mol% ~1x10" gratings good quality fiber
(except one
report of 1 X
1073 [109])

High germania 10-30
mol%

Reduced germania
(~10 mol%)

Boron—-germania
codoped

Hot hydrogenated
germania-doped
fiber

Standard CVD/
PECVD

Production
depleted oxygen
atmosphere

Needs additional
calibration
since boron
reduces core
index

Preform cooked at
750°C in
hydrogen
atmosphere

Low photosensitive
index change,
slow growth of
gratings, on ~ 1
X 10~

Good
photosensitivity,
faster growth in
index change, én
~5x 10~

Very good, faster
increase in
index, én ~ 8 X
104

Good
photosensitivity,
én ~ 8c-4

Good quality fiber,
easy production

Low OH™ loss,
circular cored
fiber

Low OH™ loss, can
be compatible
with standard
telecommunication
fiber

Needs higher
germania than
standard tele-
communications
fiber; easy to
store.

Birefringent,
photosensitivity
not enough to be
useful in
untreated fiber

Needs high germania
(~10 mol%)

Difficult preform
fabrication, highly
stressed, increase
in boron induced
loss, elliptical core

Slight increase in
OH  loss
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Hot hydrogenated
B-Ge codoped fiber

High pressure cold
hydrogen soaked
germania-doped
fiber

High pressure cold
deuterium soaked
germania-doped
fiber

High-pressure
hydrogen soaking
of phosphorus rare-
earth-doped fiber
(Ge free)

Same as above

Easy fabrication
since all types
of above fiber
may be used,
including
standard tele-
communication
fiber. But
requires high
pressure (up to
800Bar) facility

Same as above

Same as above

Very good, én ~ 1
x 1073

Excellent
photosensitivity,
on ~1x1072in
standard tele-
communications
fiber

Same as above

Can photosensitize
many types of
doped silica
fibers

Can be made
compatible with
standard

telecommunication

fiber
Extremely versatile

No increase in loss

~ at 1300/1500 nm
since OD(OH)
overtones are not
in second or third
telecommunica-
tions window

Intracore cavity
fiber gratings
possible for fiber
lasers —no splice
loss.

High stress, difficult
to fabricate as
B-Ge fiber. Loss at
1500 nm

OH loss with
increase in index
change. The loss
can be ~0.1 dB
per grating.
Limited shelf life
unless stored at
low temperatures
to prevent out-
diffusion of Hy

Extremely expensive
option. Also
limited shelf life
unless stored at
low temperatures
to prevent out-
diffusion of D,

Requires 193-nm
radiation for
useful index
changes and ease
of writing
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2.7.1 Summary of optically induced effects

The chemical reactions that take place in photosensitive optical fiber
exposed to UV radiation are probably never going to be understood com-
pletely. However, several known factors influence the index change.

1. Bleaching of the 240-nm GeO band in reduced germania fibers.
This has been measured and alludes to the following picture of
chemical modification. The Ge-Si bonds break, liberating an
electron, which may be retrapped at another defect site. What
remains is the type of picture seen in Fig. 2.2 (GeE’). It is not
known whether a volumetric change occurs as well. It is likely
that, owing to the confinement of the photosensitive species
within a massive cladding, any physical relaxation or contraction
of molecular bonds will result in a stressed state. Recently, the
stress change in fiber cores has been theoretically modeled and
also measured using optical methods [110], with good agreement
between the two. Douay et al. [99] have etched fibers and
preforms previously exposed to interfering UV beams and found
that a relief grating is revealed. Although this is not direct
evidence that physical changes occur on UV exposure, it does
show that the chemistry has indeed been altered. Riant et al.
[100] performed atomic force microscopy (AFM) on the surface
of D-shaped fibers in which gratings have been written. The
surface of the fiber, a few microns above the photosensitive
core of germanin-doped silica, showed a surface relief directly
indicating stress changes. Therefore, not only does the absorption
in the UV change, but so does the density of oscillators with
UV exposure, both of which alter the refractive index based on
the Kramers-Kronig rules. However, it must be remembered
that the molecules within the core are not free to change their
shape, but are elastically coupled to the mass in the cladding
via bonds that remain predominantly unchanged. This is the
basis for the induced stress and for part of the index modification
by the stress-optic coefficient. Russell et al. [111] have estimated
that a strain of only 10™* is necessary to induce an index change
in the effective index of the mode by the same order of magnitude.
It is well known that fiber drawing conditions and stress annealing
can alter the refractive index of boron-doped glasses [112].
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2. There is a change in the position of the band edge of germania-
doped silica in the deep-UV spectrum, which alters the refractive
index after UV exposure. This effect is difficult to quantify owing
to the problems associated with measurements in the vacuum
ultraviolet and the low transparency of silica below a wavelength
of ~190 nm, although some measurements have been made [113],
suggesting that there is no shift in the edge, just an increase in
the absorption in the deep UV.

3. High-temperature hydrogen treatment reduces germania, produc-
ing an enhanced concentration of GeO molecules [114]. Again
bleaching of the absorption at 240 nm partly contributes to the
index change. Other effects as in points 1 and 2 above prevail.
Chemically, the reduction precess may occurs as follows:

| | | |
—Ge— O0—Si— + 12H, —» —Gem® + OH—Si—
| | | |

4. Molecular hydrogen. The suggested reaction is the formation of
GeH and OH ions from a Ge(2) defect. The GeH is responsible for
the change in the refractive index via the Kramers—Kronig rule.
The possible route may be as follows:

H
| | | !
—Ge— O0—Ge— +H, —— —Gem® + H-0—Ge—
1 | ’ 1 |

It is not clear what the reactions with a pure alumina doped silica
core may be, but it is possible that a similar set of observations
may occur; the addition of phosphorus in germania-doped fibers
reduces the concentration of GeE’ centers, increasing with in-
creased fabrication temperatures or reducing conditions [115].

Figure 2.14 compares a set of different fibers exposed to the same
intensity of radiation at 262 nm for different times. The comparison shows
the refractive index growth rate for fiber with different photosensitization
treatments when exposed to UV radiation, per mol% Ge in the fiber,
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Figure 2.14: Comparison of time-averaged growth rate of the UV-induced
refractive index change for different fibers compared to cold Hy-soaked:B-Ge fiber
on the right column. Maximum index change recorded for the H-BGe codoped
fiber was 6.76 x 102, The UV source was a quadrupled diode pumped QS Nd:YLF
laser operating at 262 nm with 60-mW writing power and used with a phase
mask. This is a direct comparison of the induced index change in Type I gratings
showing the sensitivity to UV radiation (adapted from Ref. [40]).

normalized to the fastest fiber: the Hy: BGe, which writes an 87% reflec-
tive, 1.5-mm long grating in 10 seconds.
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Chapter 3

Fabrication of Bragg
Gratings

3.1 Methods for fiber Bragg grating
fabrication

This chapter reviews many of the schemes proposed for both holographic
and nonholographic grating inscription and considers some of the salient
features of the methods. This introduction excludes methods used for
internal grating writing, traditionally known as “Hill” gratings, for which
the reader is directed to other sources [1-12].

Fiber Bragg gratings, which operate at wavelengths other than near
the writing wavelength (non-Hill gratings), are fabricated by techniques
that broadly fall into two categories: those that are holographic [13] and
those that are noninterferometric, based on simple exposure to UV radia-
tion periodically along a piece of fiber [14]. The former techniques use a
beam splitter to divide a single input UV beam into two, interfering them
at the fiber; the latter depend on periodic exposure of a fiber to pulsed
sources or through a spatially periodic amplitude mask. There are several
laser sources that can be used, depending on the type of fiber used for
the grating, the type of grating, or the intended application. The sources
used for grating production are also discussed in this chapter.

3.1.1 The bulk interferometer

The method for the side writing of fiber gratings demonstrated by Meltz
et al. [15] is shown in Fig. 3.1. The interferometer is one encountered in
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UV radiation

UV mirror

50% heam
splitter

UV mirror

Figure 3.1: UV interferometer for writing Bragg gratings in optical fibers.
Note the use of an additional phase plate (mirror blank) in one arm to compensate
for the path length difference.

standard holography [16], with the UV beam divided into two at a beam
splitter and then brought together at a mutual angle of 6, by reflections
from two UV mirrors. This method allows the Bragg wavelength to be
chosen independently of the UV wavelength as

A
Abragg = %‘“’—6—, (3.1.1)
. sm(-z—)

where Ag,, ., is the Bragg reflection wavelength, n4 is the effective mode
index in the fiber, n,, is 