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Abstract

The refractive index of photosensitive optical materials can be permanently
changed by UV-irradiation. With a focussed UV-laser beam refractive index
increases and decreases are realized in a variety of different materials and are
employed to structure waveguides or to postprocess optical devices. Another im-
portant application for UV-induced refractive index changes are Bragg gratings
in optical waveguides. Low chromatic dispersion Bragg gratings are designed
and afterwards fabricated by using a holographic writing setup.

Kurzfassung

Die Brechzahl von photosensitiven optischen Materialien kann durch UV-Bestrah-
lung permanent verändert werden. Mit Hilfe eines fokussierten Laserstrahls
werden Brechzahlerhöhungen und -erniedrigungen in verschiedenen Materiali-
en erzielt und für die Strukturierung von Wellenleitern und die Nachbehandlung
von optischen Komponenten verwendet. Ein zweites wichtiges Anwendungs-
gebiet für Brechzahländerungen sind Bragg-Gitter in optischen Wellenleitern.
Bragg Gitter mit geringer chromatischer Dispersion werden entworfen und mit
Hilfe eines holographischen Herstellungsverfahrens realisiert.

x



Summary

The refractive index of photosensitive optical materials can be permanently
changed by UV-irradiation. The objective of this thesis was to use such refractive
index changes for the fabrication of waveguides and Bragg gratings.

Integrated optics allows for the integration of optical functionality on a small
footprint. A technique to realize integrated optical waveguides is the direct
writing technique where a focussed UV-laser is scanned over a photosensitive
sample. This fabrication method is of particular interest as no mask technology
is involved, which is advantageous during the prototyping phase of new devices.
UV-induced refractive index changes in excess of 10×10−3 were achieved in
hydrogen-loaded germanium-doped silica layers and employed to fabricate
straight waveguides, S-bends, directional couplers and multi-mode interfer-
ence couplers. In one of the tested material systems the refractive index was
decreased by the UV-irradiation rather than increased. Without any presensiti-
zation refractive index changes down by −10×10−3 were observed. Waveguides
were realized in this material system by the negative direct writing technique,
i. e. the waveguide cladding instead of the core was written. The fabrication
of waveguide structures by UV-induced refractive index changes is not limited
to layered material systems as described so far. Directly UV-written buried
X-shaped waveguides in a bulk multicomponent silicate glass have been pro-
duced by a special X-shaped writing geometry. As an example for the use of
UV-induced refractive index changes for the post processing of optical devices
the crosstalk in an arrayed waveguide grating was significantly reduced.

Bragg gratings play a crucial role in modern optical communication systems.
One interesting application area is the use as narrow-band channel filters in
add/drop-multiplexers, where low chromatic dispersion values in reflection and
transmission are required. Different design procedures were employed for the
design of such Bragg grating structures. An optimization algorithm allowed for
the consideration of constraints imposed by the writing facility which is later
used for the fabrication. Bragg gratings of different lengths with and without
π-phase shifts were designed. The designed Bragg gratings were fabricated
afterwards by using a holographic writing setup which enables full control over
local grating strength and period.

xi
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1. Introduction

In the last decade there has been an astounding growth in the data transmission
capacity over optical fibers. The majority of this growth is based on the increas-
ing popularity of the internet and its use for a myriad of different applications.
These applications, like television or games, triggered the demand for high data
rate access to the provided data or content. 100 Mbit/s connections are now
available for private households and even over mobile channels data rates in
excess of 10 Mbit/s are possible. In order to allow for such high transmission
rates in the access networks efficient back bones are necessary. For this task
optical communication systems have been proven superior to any other tech-
nology. The main advantage of optical transmission systems is the high carrier
frequency of ∼ 200THz, which is several orders of magnitude higher than used
in microwave based transmission systems (∼ 10GHz). This results in a larger
usable bandwidth. Therefore all major telecommunication links are now based
on optical technologies.

Several technological breakthroughs mark the development of optical com-
munication systems during the last nearly 50 years [19]. The invention of the
laser by Maiman in 1960 [20] was the starting point for the development of the
semiconductor laser diodes, which are employed as transmitters in today’s fiber
optic networks. The use of optical fibers as transmission medium was proposed
in 1966 [21] and in 1979 the low predicted losses of 0.2 dB/km at 1550 nm were
achieved [22].

An amplification of the optical signals is necessary after approximately ev-
ery 100 km even with these low loss levels. Until the end of the 1980s this was
achieved by optoelectronic repeaters, where the optical signal is first converted
into an electrical signal, amplified and then sent again using a laser diode. As
this approach works on a per-channel basis such regenerators become quite
expensive for transmission systems with several wavelength channels (WDM:
wavelength division multiplex). With the invention of the erbium-doped fiber
amplifier in 1987 [23] the direct amplification of optical signals without requir-
ing its conversion into the electrical domain was made possible. Such optical
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1. Introduction

amplifiers offer a broad amplification bandwidth (up to 100 nm) and the ampli-
fication is independent of the data rate and modulation format. Ultra long haul
transmission systems in excess of 10000 km length have been realized with the
help of such amplifiers.

There are still electrical components at the beginning and at the end of each
optical transmission system. Their maximum modulation frequencies currently
limit the data rate in the electrical domain to 40 Gbit/s. In order to go beyond
these limits imposed in the electrical domain several multiplexing schemes are
used. With the combination of optical time domain multiplexing (OTDM) and
polarization multiplexing a transmission at 2.56 TBit/s within a single wave-
length channel has been reported [24]. Even higher data rates over a single fiber
have been achieved with a wavelength division multiplexing scheme. By using
more than 250 wavelength channels, each modulated with 40 Gbit/s, a total
transmission capacity of nearly 11 TBit/s has been demonstrated in laboratory
experiments [25, 26].

Older fibers still have an absorption peak at 1.4µm due to OH-contamination.
New fabrication methods have eliminated this loss contribution and fibers with
losses below 0.3 dB/km from 1300 to 1700 nm are now available [27]. This broad
region with low losses results in a usable transmission window in excess of
50 THz. Optical amplification can be achieved in this full wavelength range by
the combined use of rare earth doped fiber amplifiers and raman amplification
[28].

At the moment the majority of the network management functionality is still
realized in the electrical domain. One of the current challenges is to develop
components for an all-optical network [29], where routing and switching is
implemented in the optical domain. Only a few passive functions can be realized
directly in optical fibers. The most notable examples for this are filters based on
fiber Bragg gratings or long period gratings. Devices built out of bulk elements
with interconnections realized by fibers are both expensive and unstable due
to the possibility of misalignment. Therefore, as early as 1969, the concept of
integrated optics in analogy to the integrated electronics was proposed [30]. By
the monolithic or hybrid integration of active and passive components onto
a common substrate the required functionalities can be realized on a small
footprint.

Several material systems are used in the area of integrated optics, for instance
silica-on-silicon, silicon on insulator, indium phosphide or polymers. The wave-
guiding structures are subsequently defined by photolithography and etching

2



processes. In this way, complex planar lightwave circuits of a high quality can
be fabricated [31].

The most widely used material for the core of both planar optical waveguides
and fibers is germanium-doped silica. A variety of passive components have
been realized with this material system. By incorporating active elements like
Erbium, active components, e. g. amplifiers or lasers, have been fabricated
using germanium-doped silica as host material. In addition to this it exhibits
refractive index changes upon irradiation with green/blue or UV light [32, 33].
This photosensitivity is widely used today.

The main application area for UV-induced refractive index changes is the
fabrication of fiber Bragg gratings. They are used for a variety of different ap-
plications, ranging from channel dropping filters, gain equalization elements,
dispersion compensators up to sensors. The task is first to design a spatial
grating structure suited for the application under consideration and finally to
fabricate it.

The UV-induced refractive index changes can be large enough to form the
core of an optical waveguide. Based on this finding the direct writing technique
(DWT) was developed by Svalgaard et al. in 1994 [34]. Since then waveguide
structures and even complete devices have been realized with this technique.
Also different material systems have been probed in order to test their potential
as host material for the DWT. The challenge is to find materials in which the
desired functionalities can be fabricated with low losses. Another application
area of UV-induced refractive index changes is the post processing of optical
devices, where either the characteristics or the fabrication yield is improved.
Compared to other trimming procedures no cleanroom processes are required
nor is there any permanent power consumption during the life time of the
device.

The main objective of this work was to investigate the use of UV-induced
refractive index changes in the area of optical communication technology. This
includes the structuring of planar optical waveguides and fabrication of Bragg
gratings. The thesis is structured as follows:

Chapter 2 describes the basic theories about waveguides and Bragg gratings,
which are needed for the understanding of this thesis.

Chapter 3 gives a brief overview about the origins of the UV-photosensitivity,
which is exploited for the refractive index changes obtained in this thesis. Also
explained are techniques for the enhancement of the photosensitivity.

In chapter 4 the measurement techniques for the UV-written waveguide

3



1. Introduction

structures and Bragg gratings are presented. The principles behind the methods
used are explained and exemplary results are shown.

Chapter 5 forms the main part of this thesis. It is shown how UV-induced
refractive index changes can be exploited for the patterning of waveguide struc-
tures. The direct writing technique is introduced and results obtained with dif-
ferent material systems are presented. In hydrogen-loaded germanium-doped
silica layers straight waveguides, S-bends, directional couplers and multi-mode
interference couplers were fabricated and characterized. In one of the tested
material systems the UV-irradiation yielded a decrease of the refractive index.
For this material system several experiments were performed in order to explain
this behavior and the contribution of the different mechanisms involved will
be discussed. The fabrication of waveguide structures by UV-induced refractive
index changes is not limited to layered material systems. Results obtained with
different multicomponent silicate glasses are reported and a specially developed
writing technique for the realization of buried channel waveguides in bulk ma-
terials is presented. At the end of this chapter the use of UV-induced refractive
index changes for the post processing of optical devices is shown.

Chapter 6 deals with the design and fabrication of Bragg gratings in optical
waveguides. Three different approaches for the design of low-dispersion Bragg
gratings are presented and the results obtained with them are compared. By
using a holographic writing setup these designs are afterwards written in opti-
cal fibers and planar waveguides. The measured transmission and reflection
properties are compared with the required specifications and possible origins
for discrepancies are discussed.

The results obtained within the framework of this thesis are summarized in
chapter 7. In addition an outlook regarding possible future work is given.
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2. Waveguide and Bragg grating theory

In this chapter the necessary theoretical background for the understanding of
the propagation of electromagnetic waves in single waveguides and coupled
waveguide structures will be presented. From the refractive index distribution
of waveguides it is possible to obtain the propagating mode fields. These mode
fields make the calculation of coupling losses between different waveguides
possible. The coupling of modes will be explained for the the special cases
of directional couplers and Bragg gratings. For the latter the transfer matrix
method will be presented as a fast method used for the calculation of reflection
and transmission spectra for Bragg gratings with arbitrary coupling coefficients.

2.1. Optical waveguide theory

In homogeneous media (∇ε= 0) electromagnetic waves obey the wave equation

[
∇2 −µε

∂2

∂t 2

]
Ẽ(x, y, z, t ) = 0 (2.1)

which follows directly from Maxwell’s equations. µ= µrµ0 and ε= εr ε0 repre-
sent the permeability and dielectric constant of the material. For all the materi-
als inside this thesis they are assumed to be scalar values (isotropic material).
Furthermore no sources (∇· Ẽ = 0) are present.

For monochromatic waves the following ansatz Ẽ(x, y, z, t ) = E(x, y, z)e jωt can
be made in order to transform the wave equation into the Helmholtz equation.[∇2 −ω2µε

]
E(x, y, z) = 0 (2.2)

Solutions of this equation which propagate along the longitudinal z direction as
exp(− jβz) are called modes and β is the corresponding propagation constant.

For weakly guiding waveguides such as fibers or UV-written waveguides, the
field is linearly polarized as E � ŝψ(x, y), where ŝ is a unit vector in the (x, y)
plane transverse to the propagation direction of the waveguide. For a waveguide
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2. Waveguide and Bragg grating theory

with a transverse refractive index profile n(x, y), the scalar mode field ψ(x, y)
obeys the wave equation,

∂2ψ

∂x2 + ∂2ψ

∂y2 + [
k2n2(x, y)−β2]ψ= 0, (2.3)

where k = 2π/λ, and λ is the wavelength.
The solutions ψ(x, y) of eq. (2.3) depend on the transverse refractive index

profile n(x, y). For a circularly symmetric step-index fiber the solutions can be
given in terms of Bessel functions Jm and Km . In particular the fundamental
mode is given by

ψ01(x, y) =
{ J0(U01r /ρ)

J0(U01) 0 < r =
√

x2 + y2 < ρ
K0(W01r /ρ)

K0(W01) ρ < r <∞.
(2.4)

with U01 = ρ
√

k2n2
1 −β2

01 and W01 = ρ
√
β2

01 −k2n2
2.

For non-circular waveguides such as UV-written channel waveguides, the
field of the fundamental mode can be well approximated by a two-dimensional
Gaussian function,

ψ01(x, y) = exp

{
−

(
x2

w2
x
+ y2

w2
y

)}
. (2.5)

A more detailed analysis of the modes of UV-written waveguides is given in [35].
For circular fibers the Gaussian approximation is also applicable and the mode
spot sizes wx and wy are equal.

The knowledge of the mode fields ψ1 and ψ2 of two waveguides 1 and 2 allows
for the estimation of the transition loss at the connection of the two waveguides.
It follows from the field overlap integral

η=
(∫∫

ψ1ψ2 dx dy
)2∫∫

ψ2
1 dx dy

∫∫
ψ2

2 dx dy
. (2.6)

The coupling efficiency η between a circular fiber with wx = wy = w0 and a
waveguide with spot sizes wx and wy follows from eq. (2.5) and (2.6) as

η= 4w2
0 wx wy

(w2
0 +w2

x )(w2
0 +w2

y )
. (2.7)
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2.2. Coupled mode theory

This formula will be used later for the calculation of coupling losses between
a fiber and the UV-written waveguides. These losses are obviously smaller the
closer wx and wy are to w0. Differences of the field radii up to 20 % (in both
dimensions), however, only result in an insertion loss of 0.2 dB.

Knowledge of the fundamental mode field also enables the calculation of the
form birefringence

B = βx −βy

k
= neff,x −neff,y , (2.8)

i. e. the difference of the propagation constants between the two orthogonally
polarized states of the fundamental mode. Form birefringence occurs if the
waveguide geometries along the x and y dimensions are different. In a circular
fiber and all other waveguides with wx = wy , there is no form birefringence.
Using a perturbation method and the Gaussian field approximation eq. (2.5),
the form birefringence can be approximated by [36]

B = 1

2k4n3
cl

(
1

w4
y
− 1

w4
x

)
. (2.9)

with ncl as the refractive index of the waveguide cladding [36].
It should be noted that the total birefringence is composed of an amount

of form birefringence and an amount caused by material anisotropy such as
stress birefringence in systems of materials with different thermal expansion
coefficients.

2.2. Coupled mode theory

For the case of unperturbed waveguides as discussed above no interaction
between different propagating modes takes place. This situation is different
if there is a periodic dielectric perturbation. In such cases a power exchange
between different modes is possible. The amount of coupling depends on the
difference between the propagation constants of the participating modes as
well as on the strength of the coupling effect [37].

2.2.1. Directional couplers

The layout of a directional coupler is shown in Fig. 5.10. If the distance between
the two parallel waveguides is small enough, optical energy can be transferred
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2. Waveguide and Bragg grating theory

from one to the other. This takes place by synchronous coherent coupling
between the overlapping evanescent tails of the guided mode fields.

Let ψa,b be the modes of the individual waveguides, when they are far apart.
The electric field of the coupled structure can be approximated by

E(x, y, z, t ) = A(z)ψa(x, y)e j (ωt−βa z) +B(z)ψb(x, y)e j (ωt−βb z) , (2.10)

if the two waveguides are not too close to each other. The terms A and B
describe the complex amplitudes of the modes in the individual waveguides.
The coupling between these modes can then be described by the following
equations [37]:

d

dz
A =− jκC Be− j 2δz

d

dz
B =− jκ∗

C Ae j 2δz ,
(2.11)

with 2δ as the phase match given by

2δ= (
βa +κaa

)− (
βb +κbb

)
. (2.12)

The terms κaa and κbb account for the correction of the original propagation
constants βa ,βb due to the presence of the other waveguide. The value of κC

determines the strength of the coupling and is determined by the interaction
of the fields in both waveguides, i. e. by the refractive index profile of the full
structure [37].

For the boundary conditions Pa(0) = P0 and Pb(0) = 0 the power evolution in
each waveguide is given by

Pb(z) = P0
κ2

C

κ2
C +δ2

sin2
(√

κ2
C +δ2z

)
Pa(z) = P0 −Pb(z)

(2.13)

From these equations it follows that a total transfer of power from one wave-
guide to the other is only possible if δ= 0, which means the propagation con-
stants in both waveguides are the same. In order to get this full power transfer
the interaction length has to be an odd multiple of Lπ = π/2κC . For δ �= 0 the
maximum power transfer is

κ2
C

κ2
C +δ2

. (2.14)
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2.2. Coupled mode theory

Results obtained with UV-written directional couplers will be presented in sec-
tion 5.4.3.

2.2.2. Bragg gratings

From a macroscopic model a Bragg grating can be seen as a periodic modulation
(grating period Λ) of the core refractive index. Each of these index steps act as
a dielectric mirror to the incident wave and according to the Fresnel formulae
reflect a small portion of it, see Fig. 2.1. If the wavelength λ of the incoming
irradiation equals half the optical distance between two of such index steps, the
Bragg condition

λ=λBragg = 2neffΛ (2.15)

is fulfilled. At this given wavelength a significant amount of the incident power
is reflected by the grating structure through constructive interference of the
individual reflected waves.
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Figure 2.1.: Descriptive explanation of the spectral behavior of Bragg gratings.

The two modes involved in this coupling mechanism are propagating in
opposite directions:

E(x, y, z, ν̃) =
[

E+(z, ν̃)e− jβz +E−(z, ν̃)e jβz
]
ψ01(x, y) . (2.16)
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2. Waveguide and Bragg grating theory

The term ν̃ is a normalized spatial frequency and describes the difference be-
tween the optical wavelength λ and the mean grating period Λ.

ν̃= 1

λ/2neff
− 1

Λ
(2.17)

The coupled mode equations for the amplitudes E+(z, ν̃) and E−(z, ν̃) for this
case become

∂E−(z; ν̃)

∂z
= κ(z)E+(z; ν̃)e− j 2πν̃z

∂E+(z; ν̃)

∂z
= κ∗(z)E−(z; ν̃)e+ j 2πν̃z .

(2.18)

The complex coupling coefficient κ(z) determines the characteristics of the
grating. Its modulus |κ| is given by the magnitude δnG of the index modulation
and its phase φκ by the difference between the local grating period Λ(z) and the
mean grating period Λ.

κ(z) = |κ(z)| ·exp
[− jφκ(z)

]
(2.19)

|κ| = ηUV · πδnG

λ
(2.20)

1

2π

dφκ

dz
= 1

Λ(z)
− 1

Λ
(2.21)

The factor ηUV describes the overlap of the transverse refractive index modula-
tion with the fundamental mode field. For fibers a typical value is ηUV ∼ 0.8.

For the special case of a uniform Bragg grating, i. e. |κ| and Λ are constant over
the grating length L, it is possible to solve the differential equations (2.18) ana-
lytically. If E+

0 = E+(z = 0; ν̃) and E−(z = L; ν̃) = 0 the solutions for the complex
reflection and transmission factors r (ν̃) and t (ν̃) are as follows:

r (ν̃) = E−(z = 0; ν̃)/E+
0 = − jκ

Q
sinh(γL)

t (ν̃) = E+(z = L; ν̃)/E+
0 = jγ

Q

with γ=
√

|κ|2 − (πν̃)2

and Q =−πν̃sinh(γL)+ jγcosh(γL) .

(2.22)
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2.2. Coupled mode theory

The two lower pictures in Fig. 2.1 show the reflection and transmission spectra
of a uniform Bragg grating with approximately 90 % reflection.

As a Bragg grating can also be described as a 2-port device it is possible to
describe the reflection and transmission properties by a scattering matrix S
and/or a transfer matrix T. For a uniform Bragg grating of length L the elements
of these two matrices are given by:

S =
(
S11 S12

S21 S22

)
= 1

Q

(− jκsinh(γL) jγ
jγ jκ∗ sinh(γL)

)
(2.23)

and

T = 1

S12

(
S21S12 −S22S11 S22

−S11 1

)
=

(
j
(

Q
γ

)∗
κ∗
γ sinh(γL)

κ
γ sinh(γL) − j Q

γ

)
. (2.24)

This formalism is useful for the calculation of Bragg gratings with arbitrary
values for the coupling coefficient κ(z). The grating structure is divided into N
small sections with a length ∆L = L/N , in which κ(z) is kept constant [38]. The
transfer matrix of the original structure is then obtained by the product of the
transfer matrices of the individual sections:

T = TN TN−1 . . . T2 T1 (2.25)

For weak gratings, i. e.
∫

L |κ(z)| dz � 1, the complex reflection factor r (ν̃) is
given by the Fourier transform of the complex coupling coefficient κ(z).

r (ν̃) =−
∫Lg

0
κ(z)e− j 2πν̃z dz =−F {κ(z)} . (2.26)

The design and the fabrication of Bragg gratings in fibers and planar optical
waveguides will be presented in Chapter 6.

11



3. Mechanisms of UV-induced refractive
index changes

Although the photosensitivity of optical materials has been extensively studied
over the last 20 years, there is still no unified theory about the chemical and
physical mechanisms behind the refractive index changes. One explanation for
the lack of a unified theory is that the photosensitive response may differ signifi-
cantly depending on several factors such as the type of fiber, prior treatment of
the fiber, UV writing wavelength and the UV laser writing power.

As the scope of this thesis is the use of UV-induced refractive index changes,
only a brief overview about the origins of photosensitivity will be given. More
detailed reviews about this topic can be found in the respective chapters of
[39, 40] and their references within.

3.1. Origins of photosensitivity

Due to the Kramers-Kronig causality principle, any change in refractive index is
necessarily correlated to a change in the absorption spectrum of the material
and vice versa. It is therefore possible to calculate refractive index changes from
measured absorption coefficient changes [40]:

∆n(λ) = 1

2π2 PC

∫∞

0

∆α(λ′)
1− (λ′/λ)2 dλ′ , (3.1)

with PC as the Cauchy principal value of the integral, ∆α(λ′) as the absorption
coefficient changes and λ as the wavelength at which the refractive index change
is calculated.

The physical mechanisms responsible for these absorption changes include
the creation and/or bleaching of color centers [41], mechanical effects like
compaction of the material [42] or stress relief [43]. By determining the spectral
positions of the absorption changes it is possible to identify the underlying

12



3.1. Origins of photosensitivity

physical processes and their corresponding contribution to the overall refractive
index changes.

3.1.1. Color-center model

There can only be light induced changes in the material properties, if there is an
interaction between light and matter. For the case of the UV-photosensitivity
this means that there has to be an absorption of the UV-light. Several absorption
peaks in the UV-range have been detected and attributed to different defects
of the glass matrix, the so called color-centers [44]. The most important color
centers absorbing in the UV-range are the germanium oxygen deficient center
(GODC) at 5.1eV =∼ 240nm and GeE’ at 6.4eV =∼ 195nm [45].

The UV-irradiation yields a change of the absorption spectra; some absorption
bands increase in strength, whereas others decrease. By measuring the absorp-
tion coefficient changes the resulting refractive index changes can be calculated
using eq. (3.1). Refractive index changes as large as 11×10−3 in hydrogen-loaded
fibers have been explained by this method [46]. In the same publication it was
shown that the majority (∼ 50 to 95%) of the achieved refractive index changes
comes from absorption changes in the 165–195 nm range.

However, not all measured refractive index changes can be explained by the
color-center model. In section 5.7.3 refractive index changes down to −1.7×
10−3 will be explained by changes of the UV-absorption, whereas the measured
refractive index changes have reached −10×10−3 . At least one more effect must
contribute to the photosensitivity phenomenon.

3.1.2. Compaction model

The second model is based on structural changes of the glass matrix and was
first proposed by Bernardin et al. [47]. These structural changes result in a
compaction of the material and in an increase of the refractive index. The
densification of thin silica films caused by UV-irradiation and resulting refractive
index changes was already shown in [48]. In densified fused silica the UV-
absorption edge as well IR-absorption peaks shifts towards longer wavelengths
[49]. For germanosilicate glass a large absorption increase in the deep UV-range
was reported after densification [50].

Based on these absorption changes the corresponding refractive index changes
could be calculated using eq. (3.1). The absorption changes in the deep UV-
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3. Mechanisms of UV-induced refractive index changes

range, however, are very difficult to measure and therefore a different approach
is used for the calculation of refractive index changes caused by compaction.

Starting from the Lorentz-Lorenz relation it is possible to derive the refractive
index changes caused by changes of the density (ρ) / volume (V ) or polarizability
(αP ) [51]:

∆n =
(
n2 −1

)(
n2 +2

)
6n

·
(
∆αP

αP
+ ∆ρ

ρ

)
(3.2)

=
(
n2 −1

)(
n2 +2

)
6n

·
(
∆αP

αP
− ∆V

V

)
(3.3)

=
(
n2 −1

)(
n2 +2

)
6n

(Ω−1)
∆V

V
. (3.4)

In this equation Ω describes the change of polarizability caused by the volume
change. The exact value for Ω has to be found by fitting eq. (3.4) to measured
refractive index changes. For fused silica a value of Ω = 0.23 was determined
in [52].

A densification of a material is always accompanied by a change of stresses,
which also leads to changes of the refractive index due to the photo-elastic effect.
These index changes have a different sign and therefore yield a reduction of
the index changes caused by the compaction or color-center changes [42]. The
amount of the photo-elastic contribution can reduce the inelastic contribution
by up to 50 %. A detailed analysis of the contribution of UV-induced stress
changes is given in [53].

3.2. Techniques for photosensitivity enhancement

A standard single-mode fiber (SSMF) only has a low photosensitivity. Several
ways for enhancing the photosensitivity of optical waveguides have been pre-
sented in the past. One approach is to produce fibers with a higher photosensi-
tivity, for instance by increasing the germanium concentration in the waveguide
core. This, however, also increases the index step between core and cladding
of an optical fiber, resulting in a smaller mode-field diameter and increasing
splicing losses to SSMFs. This unwanted effect can be compensated for by a
codoping with boron, because boron decreases the refractive index of the core.
In addition, boron increases the photosensitivity [54]. A summary of the influ-
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3.3. Conclusion

ence of other chemical elements on the photosensitivity is given in section 3.6
of [55].

In 1991 it was shown that an annealing of a fiber preform in a hydrogen
atmosphere at 610 ◦C for 75 h increases the photosensitivity of the fibers drawn
from this preform in comparison to fibers drawn from normal preforms [56]. A
simple, low-cost and highly effective alternative to this method was reported
by Lemaire et al. in 1993 [57,58]. Fibers are put into an hydrogen atmosphere
at room temperatures and pressures around 150 bar for approximately 10 days.
This results in a diffusion of the hydrogen molecules into the fiber core and
UV-induced refractive index changes of more than 10−2 have been realized in
such fibers. This method, the so called hydrogen-loading, is the most widely
used photosensitivity enhancement method to date.

The hydrogen-loading technique, however, has the disadvantage that as soon
as the fiber is taken out of the loading chamber, the outdiffusion of the hydro-
gen starts, resulting in a decrease of the photosensitivity over time. Several
techniques have been developed in order to "freeze" the photosensitivity, even
if the hydrogen is outdiffused. Examples are a low fluence fringeless UV pre-
exposure [59, 60] or the OH-flooding, a rapid (1 s) heat treatment at 1000 ◦C [61].

3.3. Conclusion

The origins of the UV-photosensitivity of optical materials are still not fully
clarified and further work is needed to build a coherent theory. It is very likely
that different mechanisms contribute to the measured UV-induced refractive
index changes. Two of them, the color-center model and the compaction model,
were briefly introduced in this chapter. In section 5.7.3 these two models will be
applied in order to explain the unusual refractive index changes in UV-irradiated
germanium-doped silica layers.

15



4. Measurement techniques

4.1. Introduction

In this chapter an overview of the measurement techniques which are used for
the characterization of the components fabricated in the framework of this thesis
will be given. For the UV-written waveguides this includes a visual inspection
and the determination of losses, mode fields and refractive index profiles. The
interesting properties for Bragg gratings are the transmission, reflection and the
group delay spectra, which are obtained by wavelength scanning interferometry.
By the combination of the Optical Frequency Domain Reflectometry and inverse
scattering the spatial structure of fabricated Bragg gratings is obtained. A more
detailed overview of the characterization methods for UV-written waveguides,
Bragg gratings and grating based devices can be found in [1] and [2].

The characterization of the UV-written waveguides was performed on an
optical bench. The samples under test were mounted on a two axis translation
stage by means of a vacuum holder. On the input and output side two three-axis
translation stages were used. The fiber-waveguide coupling was performed by
a single-mode fiber positioned directly in front of the sample facet. Parasitic
reflections at the fiber-air and air-waveguide interfaces were reduced by index
matching oil. The outcoupling was either done with a second single-mode fiber
or with a microscope objective.

4.2. Visual inspection of waveguide structures

The majority of the UV-written structures presented within this thesis are clearly
visible under an optical microscope. This enables a quick identification of
imperfections or failures during the writing process. By launching HeNe laser
light the existence of waveguides is checked. This procedure is also used as a
coarse alignment for the next evaluation steps.
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4.3. Transmission/Losses

4.3. Transmission/Losses

For measuring the transmission spectra of UV-written waveguides, fibers were
used for the in- and outcoupling. By taking the transmission from the input
to the output fiber as a reference, the insertion loss of the waveguide can be
obtained. The insertion loss consists of two contributions: the fiber–waveguide
coupling losses due to the mode mismatch (see the next section) and the propa-
gation losses due to absorption, leakage or scattering.

Measurements between 1460 and 1640 nm were performed by using two
different tuneable lasers. These laser sources offer a high spectral resolution
(1 pm) and in connection with suitable power meters a dynamic range of better
than 90 dB can be achieved. With the addition of an optical circulator this setup
was also used for the measurement of the reflection spectra of Bragg gratings
written in fibers or planar waveguides.

For the measurement of polarization dependent losses a polarization con-
troller was inserted in front of the launching fiber. By probing all input polariza-
tions and taking the difference between maximum and minimum transmission
the PDL values were obtained.

Broadband transmission spectra between 1200 and 1650 nm were measured
by using a fiber-coupled halogen lamp and an optical spectrum analyzer. As
the spectral power density of this source is quite low, only measurements with
resolution bandwidths of 10 to 1 nm could be performed.

4.4. Mode field

The measurement of the mode field is done by imaging the near field onto a
CCD camera by means of a microscope objective. Depending on the intended
magnification a 20× or 40× microscope objective was used. The setup was
calibrated by means of a known scale. The CCD camera has a dynamic range
of 12 bits and contains 320× 256pixels. The camera is attached to a digital
framegrabber, which is controlled by a LABVIEW program. Together with the
tuneable laser sources mentioned earlier, measurements of the mode fields
between 1460 and 1640 nm can be performed.

The captured images were saved as an array of integers, so that they can
be evaluated using MATLAB programs. In order to calculate fiber–waveguide
coupling losses and form birefringence, two-dimensional gaussian functions
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4. Measurement techniques

were fitted onto the measured data. For visualization, the mode fields were
plotted as contour or surface plots.
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Figure 4.1.: Measured mode fields of a single-mode fiber and an etched channel wave-
guide at 1550 nm. The lines shown are equal power lines at 10. . . 90 % of the
maximum intensity.

Two measured mode fields are given in Fig. 4.1 as examples. Fig. 4.1(a) shows
the measured mode field of a SMF-28 fiber, with a perfectly circular shape. The
spot size obtained was 5.1µm. This value was later on used for the calculations
of fiber-waveguide coupling losses using eq. (2.7). By an off-axis excitation of
the waveguide the existence of guided higher order modes can be checked. In
Fig. 4.1(b) such a higher order mode of an etched channel waveguide is shown.
Such higher order modes are unwanted; they are for instance responsible for
additional transmission dips, if Bragg gratings are written in such waveguides.

Calculations of the form birefringence based on the measured mode fields
using eq. (2.9) yielded that the form birefringence can be neglected for the
waveguides realized within this thesis. Even for the highly elliptical mode field
shown in Fig. 5.7(a) the form birefringence is smaller than 10−5 . This is well
below the measured birefringence values.
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4.5. UV-induced refractive index changes

4.5. UV-induced refractive index changes

For the measurement of UV-induced refractive index changes various meth-
ods exist, which differ in the amount of gathered information, applicability
to different material compositions and costs. If there is already a waveguide
present before UV-irradiation, as it is the case for optical fibers, two widely
used methods are the measurement of the Bragg wavelength shift during Bragg
grating inscription and the Fabry-Pérot method. A comparison of both methods
is given in [62]. These two techniques can also be applied to planar waveguides.
There are, however, some experimental issues which make their use for planar
waveguides less practical than compared to fibers.

As this thesis deals with the waveguide structuring by UV-induced refractive
index changes there are no waveguides (apart from a possible slab waveguide)
present before UV-irradiation. Therefore other techniques have to be used in
order to quantify the refractive index profiles of the UV-written waveguides.

4.5.1. Linnik interferometer

A very well suited measurement setup for the refractive index profile determina-
tion of planar waveguide structures is the Linnik interferometer. It is basically
a Michelson interferometer inside an optical microscope, see Fig. 4.2. In ad-
dition to a simple Michelson interferometer there are two matched high NA
microscope objectives in both interferometer arms. This offers a high spatial
resolution for the refractive index determination. For evaluation the resulting
image is taken with a digital camera and transferred to a computer.

The evaluation of the refractive index from the interference pattern is sketched
in Fig. 4.3(a). Because of the tilted reference mirror, using a flat mirror as test
object results in a series of interference lines. The number of lines visible on the
screen can be controlled by the tilt angle α. If the flat mirror is replaced with the
sample under test, any change in the optical path difference between reference
and test arm results in a shift of the local interference pattern. The amount of
the shift is proportional to the optical path difference ϕ:

ϕ= 2π ·2d ·∆n

λ
. (4.1)
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Figure 4.2.: Linnik interferometer for the measurement of UV-induced refractive index
changes. The picture shown on top is the interference pattern of a center-fed
UV-written multi-mode interference coupler.

From this path difference the refractive index change ∆n can be calculated:

∆n = ϕ ·λ
4π ·d

. (4.2)

As an example the transverse refractive index profile of an UV-written multi-
mode section is shown in Fig. 4.3(b).

With the setup used a spatial resolution of ∼ 0.4µm and a refractive index
resolution of ∼ 10−4 were achieved. The great advantage of this method is that
it enables the determination of waveguide width and transverse refractive index
profiles anywhere on the wafer. In addition, it is a very fast method.

It should be noted that this setup cannot distinguish between changes of the
optical path length due to changes of the thickness or due to index changes. This
can be a problem when the surface of the materials under test is not flat over
the area of inspection or if the UV-irradiation causes a densification/expansion
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Figure 4.3.: Evaluation of the refractive index from the interference pattern and trans-
verse refractive index profile of an UV-written MMI section.

of the material (see section 5.7.3). Another obvious requirement is the need of a
reflecting layer as close as possible to the layer under test. All of the waveguides
tested with this method had a silicon substrate which is located about 15µm
beneath the core layer.

4.5.2. Refracted near-field method

The most advanced technique for high-resolution measurement of the refractive
index profiles of optical fibers and integrated optical waveguides is the refracted
near-field method (RNF) [63, 64]. As the two-dimensional refractive index distri-
bution is obtained with this method, it is possible to see where the index changes
occur and also if there is a mixture of positive and negative index changes. In
addition it does not require wave guidance, but only a prismatic refractive index
distribution along the z-direction. These points make this method perfectly
suited for the characterization of UV-induced refractive index changes obtained
within this thesis.

The basic principle of the RNF method is sketched in Fig. 4.4. The sample
surface under test is illuminated with a focused beam whose vertex angle greatly
exceeds the numerical aperture of any possible waveguide structure inside the
sample. By scanning the beam focus over the sample area and also over two
areas with known refractive indices n3 and n6 (yielding Pref, n3 and Pref, n6 ) the
refractive index distribution n4(x, y) can be calculated from the detected power
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Figure 4.4.: Schematic representation of the RNF-setup used [65].

Pdet of the refracted light.

n2
4(x, y) = n2

6

(
Pref, n3 −Pdet

)+n2
3

(
Pdet −Pref, n6

)
Pref, n3 −Pref, n6

(4.3)

However, due to the opacity of silicon at the used wavelength of 671 nm, the
standard refracted near-field technique cannot be directly used for silica-on-
silicon integrated optical waveguides and therefore some modifications are
needed. The main difference is the sectorial stop shown in Fig. 4.4, which blocks
three quarters of the beam. This is done in order to prevent any light from being
reflected off the silicon substrate [66].

Care must be taken in preventing air bubbles from being captured between
the sample under test, the glass block and the sample holder. To ensure a con-
stant thickness of the oil-layer between the sample under test and the reference
glass block, 25×25µm2 glass fibers were inserted. This is needed because the
oil layer is also used as a reference. If the sample under test contains layers
with known refractive index (for instance a buffer layer made of thermal ox-
idized silicon) these layers can be used as references, too. With this setup a
spatial resolution of ∼ 0.5µm and a refractive index resolution of ∼ 10−4 were
achieved [65].
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4.5. UV-induced refractive index changes

In Fig. 4.5 two examples of measured refractive index profiles are shown. The
first picture shows an etched channel waveguide in silica on silica. Whereas its
profile could also have been obtained with the Linnik interferometer, this would
not be the case for the second result shown. The second example shows a 3D
representation of two UV-written waveguide structures in non hydrogen-loaded
sample A1. Refractive index changes in the core and in the cladding layer can be
recognized there.
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Figure 4.5.: Examples for typical RNF measurement: a 2D plot on the left and a 3D plot
to the right. Whereas the left figure only shows the region of interest, the
right picture also shows the reference glass and immersion oil regions.

One of the major practical problems with the refracted near-field method is
the sample preparation. All optical components must undergo careful cleaning
and polishing since surface contaminations (i. e. scratches, dirt) lead to intensity
variations, which could be falsely interpreted as refractive index variations. This
turned out to be a severe problem when dealing with the samples used in section
5.7.

4.5.3. Other techniques

If the UV-induced refractive index change is positive and large enough to al-
low waveguiding, the following method is often used [67]. It is based on the
assumption that the UV-irradiation results in a step index profile for the di-
rectly UV-written waveguides. First, waveguides are written with the writing
conditions of interest (for instance different combinations of power density
and writing velocity). Into these waveguides weak Bragg gratings (R ∼ 1%) are
inscribed afterwards. As the grating period is known, the effective index of the
waveguides can be determined from the measured Bragg wavelength. The width
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of the waveguides can be measured using a high resolution optical microscope.
With these information an equivalent step-index profile can be calculated. This
method yields only a single value for the index increase and therefore no infor-
mation about the profile. On the other hand, it is a very simple method and
does not require any special equipment.

Further techniques used for the determination of two-dimensional UV-in-
duced refractive index profiles are based on UV-induced blue luminescence [68],
refractive index dependent etching rates [69] or measurement of near-field
intensity distributions of guided modes [70].

4.6. Group delay and chromatic dispersion

In addition to the power transmission and reflection properties of optical de-
vices the phase properties are also of importance for several applications. One
example is the chromatic dispersion in transmission and reflection of Bragg
gratings used in optical add/drop-multiplexers (see Fig. 6.3). These properties
were obtained by wavelength scanning interferometry.

The setup for measuring the complex transmission factor t(ν) of a device
under test (DUT), i. e. its intensity transmission |t (ν)|2 as well as its transmission
phase as a function of the optical frequency ν, is sketched in Fig. 4.6 [71]. The
derivative of the phase with respect to ν yields the group delay τ(ν). For the
measurement of the reflection properties of fiber Bragg gratings an optical
circulator is added to the setup. In that way the absolute value and the phase
of the complex reflection factor are determined and from that the group delay
τR (ν) in reflection.

The measurement setup consist of two Mach-Zehnder interferometers which
are fed by a common tuneable laser source (TLS). One interferometer contains
the grating under test in one of its arms (DUT-interferometer) while the second
one is an unbalanced auxiliary interferometer with nondispersive arms. Ideally,
the instantaneous optical frequency of the TLS should change linearly with time:

ν(t ) = ν0 +γt . (4.4)

In that case, the auxiliary interferometer would not be needed and the desired
information on the complex transmission factor t (ν) = |t (ν)| ·exp{ jΦ(ν)} or the
complex reflection factor r (ν) = |r (ν)| ·exp{ jΦ(ν)} is contained in the output
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Figure 4.6.: Wavelength scanning interferometry for determining the complex transmis-
sion and reflection factor of optical components.

detector signal UDUT(t) of the DUT-interferometer. In the case of a reflecting
DUT, the superposition of signal and reference wave yields

UDUT(t ) ∝|1+ r (ν)|2 = 1+|r (ν)|2 +|r (ν)| ·exp{− jΦ(ν)}+|r (ν)| ·exp{+ jΦ(ν)} .
(4.5)

Fourier transforming UDUT(t ) yields a DC-component and three additional
terms: a low frequency term due to the power spectrum |r (ν)|2, and two sym-
metrically located terms at positive and at negative (electrical) frequencies,
respectively. The latter are separated from each other, provided a sufficient fiber
delay ∆LDUT between measurement and reference arm is used. Eliminating the
first and the second term in the Fourier spectrum and subsequently performing
an inverse Fourier transform yields the last term of the above equation, namely

Uanalyt(t ) =C · |r (ν)|exp{ jΦ(ν)} , (4.6)

which contains in particular the information on the group delay spectrum

τ(ν) = (1/2π) · dΦ(ν)/dν . (4.7)

Actually, unavoidable deviations from a linear laser sweep during the measure-
ment will cause appreciable errors in the dispersion measurement. Therefore, a
nondispersive unbalanced auxiliary interferometer is used in order to correct
for the deviations from a linear sweep.

The measurements were performed with a scanning speed of 40 nm/s and a
sampling rate of 5 MHz. For the evaluation of the Bragg gratings fabricated in
this thesis the scanned wavelength range was mostly chosen in the range of 5 nm,
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resulting in a measurement time of less than 200 ms. After signal processing the
group delay data are spectrally averaged. With a spectral resolution of 20 pm a
relative error in group delay of about 10−4 and an absolute accuracy of about
±0.25ps was achieved, see the measured group delay of a single-mode fiber
patchcord in Fig. 4.7(a). The chromatic dispersion is calculated by differentiation
of the group delay with respect to the wavelength.

1551 1551.2 1551.4 1551.6 1551.8 1552
−1

−0.5

0

0.5

1

wavelength [nm]

gr
ou

p 
de

la
y 

[p
s]

(a) SMF patchcord

1551 1551.2 1551.4 1551.6 1551.8 1552
−2

0

2

4

6

8

10

wavelength [nm]
gr

ou
p 

de
la

y 
[p

s]

slow axis
fast axis

(b) PMF patchcord

Figure 4.7.: Group delay curves of a single-mode fiber patchcord and a polarization main-
taining fiber patchcord measured by wavelength scanning interferometry.

The method shown above can also be generalized for the determination of the
polarization properties of a device under test. For this purpose a polarization
controller is added after the TLS and a polarization diversity receiver is used
at the output of the DUT-interferometer. By making two scans with different
(preferably orthogonal) polarizations the four complex elements of the Jones
matrix are obtained [2]. In Fig. 4.7(b) the group delay curves for the fast and
slow axes of a short piece of polarization maintaining fiber are shown.

As the UV-induced birefringence during the Bragg grating inscription is very
small, only results for one polarization are presented within this thesis. Exam-
ples for a full complex characterization of UV-written Bragg gratings are given in
Fig. 6.15 and 6.16.

4.7. Spatial reconstruction of Bragg gratings

For the reconstruction of the spatial grating structure the Optical Frequency
Domain Reflectometry (OFDR) and inverse scattering were used [72]. The
experimental setup is principally the same as shown in Fig. 4.6. In order to
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achieve a high spatial resolution a scanned wavelength range of 40 nm was used
here.

After the determination of the complex reflection factor the complex impulse
response is calculated by Fourier transformation of the complex r (ν)-data. This
impulse response is the starting point of an inverse scattering solver for the
calculation of the complex coupling coefficient κ(z) which represents the spatial
variation of grating strength and local grating period [73]. High confidence in
these measurements can be derived from the fact that subsequent measure-
ments from either side of a given grating – while yielding completely different
raw data – yield amazingly coinciding spatial data along the grating [72]. It
should be, however, noted that this reconstruction only works for moderate
grating strengths (about 10 dB transmission dip). Examples for reconstructed
grating profiles and a comparison with the design are given in Fig. 6.14.

With the knowledge of κ(z) discrepancies between design and fabricated
devices can be resolved, see section 6.7 as an example. Also an iterative writing
process was made feasible by the interaction of OFDR and inverse scattering [3].

A different approach for the spatial characterization of Bragg gratings is the
Optical Space Domain Reflectometry (OSDR). A short introduction of the un-
derlying measurement principle and some obtained results will be given in
appendix C.

4.8. Conclusion

The transmission spectra of the UV-written waveguide structures were measured
by using either tunable laser sources or optical spectrum analyzers. Whereas
the first setup allows for measurements with a high dynamic range (90 dB) and
wavelength resolution (1 pm), the latter one enables the measurement on a
broad wavelength range (> 400nm).

The near fields of the fabricated waveguide structures were characterized
with the help of an IR-CCD camera and a digital framegrabber. This procedure
was especially important for the fabrication of directly UV-written multi-mode
interference couplers.

UV-induced refractive index changes were measured by a Linnik interfero-
meter and the refracted near-field method. Both methods offer a high spatial
(∼ 0.5µm) and high refractive index resolution (∼ 10−4 ). The Linnik interfero-
meter enables the determination of waveguide width and transverse refractive
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4. Measurement techniques

index profiles anywhere on the wafer, whereas the refracted near-field method
yielded two-dimensional refractive index profiles.

The wavelength scanning interferometry setup used, enabled the determi-
nation of the complex reflection or transmission properties of optical devices.
Measurements of wavelength dependent group delays were performed at the
same time with high accuracy (±0.25ps), high wavelength resolution (20 pm),
in a wide wavelength range (several nm), and in a short measurement time
(<1 s). Moreover these measurements were polarization resolved by extending
the receiver to be a polarization diversity receiver and applying two subsequent
measurements with different input states of polarization.

A coherent frequency domain reflectometer – closely related to the scanning
interferometer – was used to determine the complex reflection factor of wave-
guide Bragg gratings as a function of wavelength. From this data the complex
coupling coefficient along Bragg gratings was evaluated by applying an inverse
scattering algorithm. This setup was an important tool in controlling the writing
process of the Bragg gratings fabricated within this thesis.

Whenever the necessary experimental setups were not available in-house,
facilities at the respective partners’ sites were used. This mostly applies for the
determination of chemical and physical properties of the material systems used.
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5. Direct UV-writing of waveguide
structures

In this chapter the use of UV-induced refractive index changes for the patterning
of optical waveguide structures will be presented. After a short description of
the mature photolithography/etching technology, the direct writing technique
(DWT) is introduced. Following a description of the writing setup used, the
fabrication of single-mode building blocks and multi-mode interference cou-
plers in hydrogen loaded germanium-doped silica samples is presented. This is
followed by sections about refractive index changes in germanium-free silica-
based samples and waveguide structuring by means of UV-induced refractive
index decreases. The chapter ends with sections about waveguide structuring in
bulk glasses and the use of UV irradiation for the trimming of arrayed waveguide
gratings.

5.1. Motivation

The two pioneering papers about the photosensitivity of germanium-doped
silica by Hill et al. [32] and Meltz et al. [33] were the starting points of a new field
in optical science. The refractive index changes achieved, however, were rather
small and were only used for the creation of various types of Bragg gratings in
optical waveguides. The invention of hydrogen-loading resulted in UV-induced
refractive index changes in the order of several 10-3 [57]. Such refractive index
changes are large enough to form the core of an optical waveguide. In the first
experiments, UV-written waveguide structures were fabricated by focussing a
UV-laser beam with a cylindrical lens to a thin line [74] or by using an excimer
laser and a metal mask [75]. In 1994 the first paper about the direct writing
technique using a focused CW UV-laser was published by Svalgaard et al. [34].
This technique offers – when compared to mask and etching techniques – a
simple and promising way to produce planar lightwave circuits (PLC).
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5. Direct UV-writing of waveguide structures

In the following paragraphs the necessary fabrication steps for the realization
of integrated optical waveguides by conventional deposition, photolithography
and etching technologies will be briefly introduced. A detailed review can be
found in [31].

The starting materials are simple silicon wafers, see Fig. 5.1(a). In order to get
a sufficient structural support the thickness is mostly chosen between 500 and
1000µm. The first fabrication step is the creation of the buffer layer. As this layer
mostly consists of pure silica, this is usually done by oxidization of the silicon
surface (thermal oxidized silicon: TOS) instead of using deposition techniques,
like flame hydrolysis deposition (FHD) or plasma-enhanced chemical vapor
deposition (PECVD).

buffer layer deposition

core layer deposition

photolithography

reactive ion etching

cladding layer deposition

silicon wafer

(a)

buffer layer deposition

core layer deposition

direct UV-writing

cladding layer deposition

UV

silicon wafer

(b)

Figure 5.1.: Comparison of waveguide structuring by photolithography/etching and
direct UV-writing.

The core layer with a raised refractive index is deposited on top of the buffer.
The index increase is usually achieved by codoping the silica with germanium,
but also other materials like silicon oxynitrides or aluminium oxide can be used
as core layers. The waveguide patterning of the core layer is done by traditional
photolithography and etching. The final fabrication step is the coverage of the
etched waveguides by a cladding layer. Commonly boron phosphorus silica
glass (BPSG) is used for this purpose.

The mastering of all single steps of this work flow is a precondition for a repro-
ducible quality of the fabricated devices. Once this is achieved, this production
technique is perfectly suited for mass production. It has, however, only limited
flexibility. Changes of the waveguide geometries require the production of a
new mask and also the following fabrication steps have to be adapted.
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5.2. UV writing setup

These drawbacks are avoided by the fabrication of integrated optical wave-
guides by the direct writing technique using a focused UV beam [34]. This
technique takes advantage of the fact that the UV-irradiation of germanium-
doped silica permanently increases the refractive index. By moving the focused
beam over the sample arbitrary waveguide structures can be realized. Changes
of the waveguide geometries only require changes in the input file for the trans-
lation control program. Therefore, this technique is particularly suitable for the
prototyping phase of optical devices, but also a small series production was
already proven to be feasible with the DWT [76].

The material systems used for this technique are mostly samples with a pho-
tosensitive layer sandwiched between two non-photosensitive layers. Such a
layered material system can easily be produced by the deposition techniques
mentioned above. If the photolithography and etching steps are omitted the
same material system used for the conventional waveguide production can be
used. It is, however, advantageous to specially design material compositions
for the DWT. Also bulk glasses have been used as material systems. In section
5.8.4 a special writing technique will be presented which enables the creation of
buried channel waveguides in bulk glasses.

5.2. UV writing setup

A schematic drawing of the setup for fabrication of optical waveguide structures
by the direct UV writing technique is shown in Fig. 5.2. The major components
are:

1. a continuous wave UV laser

2. a system of optical elements for directing and focussing the laser beam

3. two axis translation system for the patterning of the waveguide structures.

The UV laser is an argon ion laser which produces continuous wave output in
the deep UV range by intracavity second harmonic generation using an β-BBO
crystal [77]. At the operating wavelength of 244 nm the laser has a maximum
output power of 100 mW. The laser beam is linearly polarized in the horizontal
plane and has a specified 1/e2 diameter of 0.8 mm.

Using a series of dielectric mirrors the UV light is directed to the writing facility.
The shutter positioned right after the laser output is computer controlled and
enables the positioning of the translation stages without incident UV power. To
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Figure 5.2.: Schematic representation of the setup used for direct UV writing of wave-
guide structures.

focus of the laser beam different lenses were used (10/20 mm best form lenses or
20×/40× UV microscope objectives, all made out of fused silica). The position
of the lens is controlled by focussing the back reflected light from the sample to
infinity.

The two-dimensional translation equipment consists of two high precision
translation stages mounted in a yz-setup. Both stages have a travel range of
105 mm and are equipped with internal glass encoders having a resolution of
50 nm [78]. The sample to be written is mounted on top of the two translation
stages by means of a vacuum holder.

The two translation stages and the shutter are controlled by a FlexMotion
card [79] inside a computer. For the programming of this card the contour mode
was used. In this mode the movement of the axes are defined by their position
at a given time sampling interval. All structures inside this thesis were written
with a sampling interval of 10 ms. The points in between were interpolated
by the FlexMotion card using cubic splines. Using the built-in encoders of
the translation stages the deviation of the actual from the intended position
is recorded with a sampling time of 10 to 20 ms 1. For all critical parts of the
written structures this deviation was below three encoder steps. The whole
writing facility is controlled by a LABVIEW program.

1sampling interval is not equidistant in time
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5.3. Material systems used

The structure definition files, which are the input for the LABVIEW program,
were created by a collection of MATLAB programs. The definition of simple
waveguide structures (straight waveguides, S-bends, etc.) are the basis for more
complicated structures, like directional or multi-mode interference couplers.
Using this approach new waveguide structures can easily implemented.

An important characteristics for UV-induced refractive index changes is the
applied fluence, i. e. the applied power density times time. For the description of
Bragg grating writing processes this unit is well suited because the power density
is mostly homogeneous over the area of interest. This situation is different for
the description of writing processes with a focussed UV-beam, where the power
distribution has a gaussian shape. Whenever the term fluence F is used in this
chapter it is defined as follows:

F = PUV

πw2 · 2w

v
. (5.1)

For this calculation the power distribution is assumed to be equal over the
circular area given by the 1/e2-radius w of the focus and the irradiation time by
the time it takes to move a distance of 2w with the velocity v .

The term fluence implies that only the product of power density and irra-
diation time determines the refractive index changes. Whereas this is very
often fulfilled for the low power densities used for the fabrication of fiber Bragg
gratings, this is no longer true for the high power densities used for the DWT.
For several experiments performed within this thesis it was found out that a
lower power density could not be compensated for by a longer irradiation time
(corresponding to a slower writing velocity).

Most of the samples used were hydrogen-loaded before the UV-irradiation.
The hydrogen-loading facility consists of two different chambers for loading
fibers and planar waveguide samples separately [80]. Using a compressor the
pressure from the hydrogen bottle is increased to 300 bar. The hydrogen-loading
was performed at room temperature and the minimum loading time was 10 days.

5.3. Material systems used

Three different material samples were used for the experiments presented in
the next section and are shown in Fig. 5.3. A detailed description can be found
in appendix D. Sample A1 is normally used for the fabrication of integrated
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5. Direct UV-writing of waveguide structures

optical waveguides as described in Fig. 5.1(a). As the photolithography and
etching steps are omitted, it has a slab waveguide with a refractive index step of
1.5×10−2 .

substrate: silicon

buffer: TOS

core: Ge-silica

cladding: BPSG

(a) Sample A1

substrate: silicon

buffer: TOS

core: Ge-B-silica

cladding: BPSG

(b) Sample A2

substrate: silicon

buffer: TOS

core: Ge-B-silica

cladding: BPSG

(c) Sample I1

Figure 5.3.: Material systems used for the direct UV writing of waveguide structures.
Samples A1 and A2 were produced by FHD, whereas sample I1 was fabricated
by PECVD.

Sample A2 and I1 are specially designed materials systems for the direct writ-
ing technique. By means of a additional doping with boron the refractive index
of the germanium-doped core layer is matched to the surrounding layers. This
has the advantage that there is no slab waveguide present before UV irradiation.

Samples A1 and I1 have proven to be the most suitable for the production of
waveguide structures. Due to the lower germanium concentration of the core
layer in sample A2 its photosensitivity was lower. Therefore no results obtained
with this material system will be shown.

5.4. Building blocks

In this section the results obtained for the fabrication of straight waveguides,
S-bends and directional couplers will be reported. Through the combination
of these building blocks more complicated devices can be realized. All samples
were hydrogen-loaded at 300 bar for more than 14 days at room temperature.

5.4.1. Straight waveguides

The most important building block for integrated optical devices is the straight
waveguide. During the writing of such structures the sample is moved under the
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UV beam with a constant velocity. The results obtained for this simple structure
are the basis for the design of the more complicated ones.

The waveguiding in these material systems is enabled by a refractive index
change inside the core layer. In Fig 5.4 the two-dimensional refractive index
distributions after UV-irradiation of samples A1 and I1 are shown. The mea-
surements were performed with the refracted near-field method (RNF). In both
material systems a refractive index increase is observed in the UV-irradiated ar-
eas. The bright horizontal stripe in Fig. 5.4(a) is the slab waveguide of sample A1,
which is already present before UV-irradiation. The UV-induced refractive index
increase is smaller than the core cladding difference. As the material system I1
is an index-matched system no waveguide is present before UV-irradiation. A
well defined rectangular refractive index profile for the waveguides is achieved.
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Figure 5.4.: Two-dimensional refractive index distributions after UV-irradiation of sam-
ples A1 and I1.

The knowledge of the dependence of the UV-induced refractive index changes
from the writing conditions (UV-power and writing velocity) is an important
pre-requisite for the design of integrated optical waveguide structures. For
this purpose straight waveguides were fabricated with different UV-powers
(18/35/50 mW) and writing velocities (25. . . 3200µm/s). The resulting wave-
guides were characterized regarding index step and width by means of the
Linnik-interferometer. This characterization method was favored to the RNF
method, because of the fast measurement time and the possibility of an au-
tomated evaluation of the data obtained. The index step was defined as the
maximum refractive index increase, whereas the width was defined as full width
at half maximum of the refractive index increase.
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5. Direct UV-writing of waveguide structures

The results for sample A1 are shown in Fig. 5.5. Refractive index changes
up to 6×10−3 have been achieved for the combination of high UV-power and
slow writing velocity. The dependence of the refractive index increase from the
writing velocity in a logarithmic scale resembles a straight line. For different
writing powers these lines are vertically shifted. Whereas for a writing power of
18 mW refractive index changes could only be measured up to a writing velocity
of 400µm/s, this was possible up to 1600µm/s for the 50 mW case. The reason
that the 35 and 50 mW curves are not further separated can be explained by a
reduction of the photosensitivity caused by an outdiffusion of the hydrogen.
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Figure 5.5.: Index step and width of UV-written waveguides in sample A1.

For the width of the UV-written waveguides a similar behavior was observed.
The widest waveguides were obtained for slow writing velocities. In these fluence
regimes the resulting waveguides are broader than the used UV-beam, whereas
for the fast writing velocities the opposite is true. For the missing data points at
fast writing velocities no meaningful widths could be determined.

In Fig. 5.6 the results for sample I1 are shown. From a qualitative point of
view the results are quite similar. The UV-induced index changes however are
significantly higher in this material system. Refractive index changes in excess
of 10×10−3 have been achieved and even for writing velocities up to 3200µm/s
waveguides could be fabricated. The width of the resulting waveguides is slightly
higher compared to their counterparts in material system A1.

The main aim for the realization of straight waveguides is the achievement of
low insertion losses. The insertion loss consists of two contributions: the fiber–
waveguide coupling losses due to the mode mismatch and the propagation
losses due to absorption, leakage or scattering.
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Figure 5.6.: Index step and width of UV-written waveguides in sample I1.

A comparison of measured mode fields of UV-written waveguides in sam-
ples A1 and I1 is shown in Fig. 5.7. The waveguides shown in the left column
were fabricated with a low fluence, whereas a high fluence was applied for the
waveguides in the right column. As it was shown above, a higher writing fluence
results in higher refractive index changes and thus in a better confinement of
the fundamental mode.

The ellipticity of the mode fields for sample A1 (upper row) is caused by the
different refractive index differences in the vertical and horizontal directions,
see Fig. 5.4(a). For large UV-induced refractive index changes (Fig. 5.7(b)) this
ellipticity is reduced. This unwanted shape can be eliminated by using a material
system where the refractive index of the core layer is matched to the values of the
buffer and cladding layer, see Fig. 5.4(b). Mode fields of UV-written waveguides
in such an index-matched material system I1 are shown in the lower row of
Fig. 5.7.

The mode field of a SMF-28 fiber with wx = wy = 5.1µm is shown in Fig. 4.1(a).
As the vertical extensions of the mode fields of UV-written waveguides in sample
A1 are much smaller, this results in large fiber–waveguide coupling losses (∼ 1dB
per transition). For sample I1 these losses are significantly lower (< 0.1dB per
transition).

The measured insertion losses of 17 mm long UV-written waveguides in sam-
ple I1 are shown in Fig. 5.8(a). By subtracting the fiber–waveguide coupling
losses from the values shown, the propagation losses are obtained. Values of
0.3 dB/cm and below have been achieved at 1550 nm. The broadband trans-
mission spectra of waveguides written with three different writing velocities are
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Figure 5.7.: Comparison of mode fields of UV-written waveguides with low and high-
fluence in samples A1 and I1. The wx and wy values are fittings to a two-
dimensional gaussian function and the lines shown are equal power lines at
10. . . 90 % of the maximum intensity.
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Figure 5.8.: Insertion loss values at 1550 nm and broadband transmission spectra of
UV-written straight waveguides in hydrogen-loaded samples I1.

given in Fig. 5.8(b). The most prominent feature are the large losses around
λ= 1400nm. These losses are caused by absorption due to OH-species, which
are created by the UV-irradiation. By substituting the hydrogen with deuterium
this absorption peak is shifted from 1.4 to 1.9µm. This enables the use of UV-
written waveguides in the O-, E- and S-band, too. Unfortunately deuterium is
more expensive by a factor of 100.

The comparison of the measured losses of waveguides written in samples
A1 and I1 yielded higher insertion losses for sample A1. This is mostly due
to the large fiber–waveguide coupling losses mentioned before, but also the
propagation losses were higher (∼ 0.5dB/cm). In both material systems the
absorption losses at 1400 nm were proportional to the UV-induced refractive
index changes. For a refractive index change of 4×10−3 the absorption was
∼ 3dB/cm for sample I1, but only ∼ 0.5dB/cm for sample A1.

The polarization dependent losses (PDL) were obtained by varying the in-
put polarization and taking the difference between maximum and minimum
transmission. For all waveguides the PDL values were below 0.2 dB

It should be noted that the writing sessions sometimes lasted for more than
6 hours. As there was no cooling of the samples applied during the writing
session, there was already a significant amount of hydrogen outdiffusion. This
resulted in lower refractive index changes towards the end of the writing sessions,
but not in severe degradations of the insertion or polarization dependent losses
as observed in [81]. In that publication deuterium-loaded samples I1 were used
and no satisfying results could be achieved already after 1 hour of outdiffusion.
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5. Direct UV-writing of waveguide structures

This hydrogen outdiffusion is less detrimental for material system A1, as the
cladding layer is thicker compared to I1, see appendix D.

5.4.2. S-bends

For a variety of integrated-optical waveguide structures curved waveguides
are necessary. The most notable application are S-bends, which introduce a
transversal displacement D over a a length LB , see the inset in Fig. 5.9(a). The
technological aim for a given displacement is to minimize the necessary length
while keeping the excess loss below a certain limit. The excess loss is defined as
the increase of the insertion loss compared with a straight waveguide.
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Figure 5.9.: Layout and excess losses of UV-written S-bends in material system I1.

The simplest realization of such an S-bend is based on the concatenation
of two circular arcs with opposite curvatures 1/R. This layout however has
the disadvantage that there are three transitions where abrupt changes of the
curvature take place. The largest contribution comes from the middle of the
S-bend, where the sign of the curvature changes. This can be avoided by the
use of S-bends with a cosine shape. Here the curvature changes continuously
between ±1/Rmin, with Rmin = 2L2

B /Dπ2. All S-bends within this thesis were
realized with this shape.

In order to keep the excess losses in comparison to straight waveguides small
it was necessary to write the curved sections with a higher writing fluence, i. e.
slower writing velocity. The straight waveguide sections were written with a
velocity of 200µm/s whereas the velocity was reduced down to 100µm/s inside
the curved sections. The length LB of the S-bends was fixed to 2 mm and the
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transverse displacement D was varied between 20 and 120µm. Six S-bends were
cascaded in order to measure the excess loss with higher accuracy.

In Fig. 5.9(a) the excess losses of the six cascaded S-bends at the wavelength
of 1550 nm are shown. For values of D lower than 100µm the excess losses per
S-bend were smaller than 0.1 dB. As expected the excess losses are wavelength
dependent, see Fig. 5.9(b). For the strongest S-bend the excess loss increased
from 0.7 dB at 1460 nm to 1.2 dB at 1580 nm.

5.4.3. Directional couplers

For several optical applications it is necessary to split the incoming optical
power into several output arms, see for instance the add/drop-multiplexer in
Fig. 6.2(b). A possible realization for these power splitting components are
directional couplers as shown in Fig. 5.10. Two straight waveguide sections are
sufficiently closely spaced so that energy is transferred from one to the other.
The theory behind this power exchange is explained in section 2.2.1.

L
B

D
F c

L
C

0 L
z

Figure 5.10.: Schematic layout of a four port directional coupler.

Through the combination of straight waveguides and S-bends it is possible
to fabricate such a device by the direct writing technique. The starting and
end components are straight waveguides with a distance DF between them.
By using S-bends of length LB this distance is constantly decreased down to a
center–center separation c. The central coupling region LC consist of straight
waveguides, too.

The power in the cross and bar arm at the end of the directional coupler can
be calculated by using eq. (2.13), when z is replaced by LC . As it can be seen
in Fig. 5.11(a), there is already a significant amount of power in the cross arm,
when no central coupling region is present. This is explained by coupling in the
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curved waveguides on both sides of the central coupling region. This effect is
taken into account by adding a length Lbb to the central coupling length.

Pcross(L) = P0
κ2

C

κ2
C +δ2

sin2
(√

κ2
C +δ2(LC +Lbb)

)
Pbar(L) = P0 −Pcross(L)

(5.2)
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Figure 5.11.: Measured characteristics of UV-written directional couplers in material
system I1. The solid and dashed line in the left picture are fittings to eq. (5.2).
The shape of both the bar and cross curve at 1400 nm in the right picture is
caused by the large absorption at that wavelength region, which made the
normalization difficult.

No full power transfer into the cross arm could be achieved, because of the
asymmetry of the waveguides inside the coupling region. This asymmetry is
caused by the effect that during the writing of the first waveguide there is already
some consumption of hydrogen in the region later used for the second wave-
guide, thus resulting in a lower photosensitivity. This effect can be counteracted
by writing the second waveguide with a lower writing velocity [82]. On the other
hand it is also possible to intentionally use this asymmetry in order to realize
broadband couplers, see Fig. 5.11(b). In contrast to the photolithography and
etching technology, where only the waveguide width can be used for the creation
of the asymmetry, both the width and the effective index can be varied by the
DWT [83].
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5.5. Multi-mode interference couplers

As shown in the previous section, several single-mode waveguide structures
have been made by using the DWT. Up to now the DWT has never been used to
realize planar multi-mode devices like, for instance, multi-mode interference
(MMI) couplers. That might be due to the stringent requirements concerning
properties like refractive-index uniformity. In this section it will be shown that
such requirements can be satisfied for MMI devices and that the attractiveness
of the DWT can be transferred to these devices [4].

5.5.1. Motivation

Multi-mode interference (MMI) couplers [84, 85] are promising devices for
power splitting and routing in optical communication systems because of their
flattened wavelength response, weak polarization sensitivity, and their moderate
fabrication tolerance requirements [86]. Their basic layout consist of one or
several input waveguides, two or more output waveguides and a multi-mode
section in between. The dimensions for the multi-mode section depend on the
material system used and typical values are a width W of 20 to 100µm and a
length L of 0.5 to 3 mm. In Fig. 5.12 the layouts of a 2×2 and a 1×3 MMI coupler
are sketched.

L

output
waveguides

W

input
waveguides

multimode section

(a)

L

W

multimode section

input
waveguide

output
waveguides

(b)

Figure 5.12.: Basic layouts of a 2×2 and a 1×3 MMI coupler.

The operation of a MMI coupler is based on a special progressive decrease of
the propagation constants of the modes inside the multi-mode section with the
mode number m = 0, . . . ,mmax according to [84–86]

βm = kn1 − (m +1)2π2

2kn1W 2 , (5.3)

where n1 is the effective index of the MMI slab mode, W is the width of the core,
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k = 2π/λ, and λ is the operation wavelength. If the MMI coupler is center-fed
at the input, i. e. it is excited by a single waveguide on the symmetry axis of the
MMI coupler (see Fig. 5.12(b)), then the interference pattern of the many modes
produce N -fold images of the input field at lengths

LN = n1W 2

λN
. (5.4)

Fig. 5.13 illustrates the 4-fold, 3-fold and 2-fold images of a MMI coupler
obtained from simulations using a Beam Propagation Method (BPM) program
[87]. 1×N splitters can be fabricated by choosing the length of the MMI section
according to eq. (5.4) and arranging N output waveguides at the positions of the
N images.
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Figure 5.13.: BPM simulation of a center-fed MMI coupler with a width of 55µm and an

index difference of 10×10−3 at the wavelength of 1580 nm.

Condition (5.3) is well fulfilled by well-confined modes of a MMI coupler with
a rectangular index profile, when the second term is much smaller than the
first term, as it is true for low-index-contrast MMI couplers or for the lowest-
order modes of sufficiently wide high-index-contrast MMI couplers. Contrary
to a wide-spread opinion [85, 88] it is easy to show that for equal numbers of
modes the phase errors due to the non-zero cladding penetration depth of the
modes is exactly the same for low- and high-index-contrast MMI couplers. The
error introduced by the violation of the necessary paraxial approximation is
even smaller for low-index-contrast MMI couplers due to the smaller index
difference [89].
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This insight encouraged us to try to fabricate MMI couplers by direct UV
writing. Possible problems to be envisaged with the UV-writing technology were
the realization of sharp index interfaces, profile inhomogeneity due to hydrogen
out-diffusion, and refractive index ripples due to the scanning writing process.
The results achieved confirm that these problems are not detrimental.

5.5.2. Experimental setup

The MMI couplers were fabricated using the DWT setup shown in Fig. 5.2. A UV
power of 35 mW was used and the beam was focussed onto the photosensitive
core layer by a 20× UV-microscope objective to a 1/e2-diameter of about 4µm.
During the writing process the translation stage was moved with a velocity of
200µm/s.

The wafer used was a three-layer slab waveguide system on top of a silicon
substrate, see sample A1 in Fig. 5.3(a). The buffer layer is made of thermal
oxidized silicon and the cladding layer consists of boron phosphorus doped
silica. Due to the germanium-doping the refractive index of the core layer is
higher by 1.5×10−2 . Prior to the UV writing the samples were hydrogen loaded
at 300 bar for more than 14 days at room temperature.

The input waveguide of the MMI coupler (Fig. 5.12(b)) was written in a single
scan along the z-direction. For the patterning of the wide multi-mode region a
number of line scans were performed with adjacent lines being offset by 1µm,
i. e. about 25 % of the width of the writing spot. Several schemes were tested
and are shown in Fig. 5.14: transverse y-scans written in a narrow meander line,
longitudinal z-scans written in a similar way and longitudinal z-scans written
performed in a cyclic way from the outer to the inner region or vice versa.

. . .

(a)

...

(b)

...

...

(c)

...

...

(d)

Figure 5.14.: Tested writing schemes for the patterning of the wide multi-mode section
of a MMI coupler.

The scheme sketched in Fig. 5.14(c) turned out to be the most suitable one
and all the results below refer to this technique. After the writing process the
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samples were annealed for about 24 h at a temperature of 80 ◦C for out-diffusion
of the remaining hydrogen and stabilizing of the UV-induced refractive index
changes. The resulting lateral index distributions were measured afterwards by
using an interference microscopic method specifically developed for the present
purpose (section 4.5.1). The typical UV-induced refractive index increase in the
MMI region was found to be 10−2 .

5.5.3. Results

With the data given in the caption of Fig. 5.13 MMI couplers suitable for 2-, 3-
and 4-fold imaging were designed by BPM calculations. The necessary lengths
LN were 1600, 1050, 800µm (Fig. 5.13). As an intentional deviation from the
design, the length of the 1×3-MMI coupler was chosen to be 1000µm. The exper-
imentally obtained intensity distributions at the rear end of the MMI section are
shown in Fig. 5.15(a). High-quality multiple images were obtained and directly
visualized by an IR-CCD camera. In Fig. 5.15(b) a horizontal cut through the
images is shown in order to compare the measured power distributions with the
BPM simulations (Fig. 5.15(c)).

The power imbalance of the output images (determined by the calculation of
field-overlap integrals with the measured field distribution of a straight reference
waveguide identical to the input waveguide) were found to be 0.29 dB, 0.08 dB,
and 1.1 dB, respectively, for the 2-, 3-, 4-fold images at the design wavelength
of 1580 nm. This imbalance remains low, namely below 0.76 dB, 0.55 dB, 1.4 dB
within a tuning range of 120 nm according to the broadband response typical
for MMI couplers [85, 86].

Another indication of well-controlled behavior is the fact that the useful
wavelength range of the 1×3 MMI coupler (with L = 1000µm instead of 1050µm)
is shifted towards longer wavelengths while an additional version with L =
1200µm shows the opposite behavior as predicted by eq. (5.4).

After these encouraging results it was also tried to realize complete 1×N split-
ters, which means MMI couplers with attached output waveguides as sketched
in Fig. 5.12(b). The obtained results however were not as good as it could
be expected from the presented results. A possible explanation is that even
small changes in the width of the multi-mode section influence the absolute
horizontal position of the images and the coupling to the output waveguide is
disturbed.
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(c) BPM simulations

Figure 5.15.: Measured interference patterns, power distributions and BPM simulations
at the endface of the 2-, 3-, 4-fold image at a wavelength of 1580 nm.

5.6. UV-induced refractive index changes in
germanium-free materials

The work presented in this section was performed in cooperation with the
Institute for Physical High Technology (IPHT) Jena within the framework of
the PLATON project. The aim was to investigate the photosensitivity of differ-
ent optical layers deposited by Flame Hydrolysis Deposition (FHD). During
this investigation the main focus was shifted towards germanium-free boron-
phosphorus-doped silica layers. Results of this cooperation are published in [5]
and [6].

5.6.1. Material preparation and UV-writing

The samples used in the following experiments are shown in Fig. 5.16 and
consist of a system of different layers. On top of a silicon wafer a 15µm buffer
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layer is produced by thermal wet oxidation (TOS) followed by the layers under
investigation made by FHD [90]. FHD is a commonly used method to produce
high purity SiO2-films for optical applications by hydrolysis of Si-halogenides
and halogenides of the dopants germanium (Ge), boron (B) and phosphorus (P).
Layers with a thickness between 3 and 40µm can be made depending on the
wanted purpose.

substrate: silicon

buffer: TOS

core: Ge-silica

cladding: BPSG

(a) Sample A1

substrate: silicon

buffer: TOS

cladding 2: lowboron BPSG

cladding 1: highboron BPSG

(b) Sample J2

Figure 5.16.: Schematic layout of the samples used. All shown layers on top of the ther-
mally oxidized silicon layer are deposited by FHD.

The first layer system is shown in Fig. 5.16(a) and consists of a germanium
doped core layer and a cladding layer made of boron phosphorus silica glass
(BPSG). This material system is normally used for the production of planar
lightwave circuits by photolithography and etching technology (see Fig. 5.1(a)).
The second, shown in Fig. 5.16(b), is a specially prepared Ge-free silica layer
system consisting of two layers with a different B-doping level. High doping
means a doping level of about 15mol% , low doping of about 5 mol% boron
analyzed by electron microprobe analysis.

Photosensitivity experiments were carried out with the setup shown in Fig. 5.2.
The UV-laser was operated at power levels of 70/50/30 mW. By using a 10 mm
lens the UV-laser beam was focussed onto the core layer with a 1/e2 focal diam-
eter of about 4µm. Two computer controlled translation stages (operating in a
yz-setup) enabled the writing of waveguides with different velocities. Depending
on the sample used, writing velocities between 1 and 4000µm/s were used.

5.6.2. Results

It was shown in the previous sections that hydrogen-loading increases the pho-
tosensitivity of germanium doped silica layers. Refractive index changes in the
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range of 10. . .15×10−3 can easily be obtained in such materials with moderate
writing fluences. Fig. 5.17(a) shows a microscope picture of the endface of such a
sample. The formation of waveguide inside the core layer can be seen there. No
changes inside the cladding layer were observed in such pictures or by refractive
index measurements.
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Figure 5.17.: Microscope pictures of UV-written waveguides in sample A1 with and with-
out hydrogen loading.

If non hydrogen-loaded samples were used, the resulting behavior was differ-
ent. As it can be seen in Fig. 5.17(b), changes inside the core and the cladding
layer are caused by the UV-irradiation.

The two-dimensional refractive index distribution of two UV-written wave-
guides is shown in Fig. 5.18(a). First, it reveals a UV-induced refractive index
increase in the germanium-doped core layer. Such an increase had been antici-
pated, though to a lower extent. Secondly, however, there also is an appreciable
index increase in the cladding layer. Two vertical cuts are shown in Fig. 5.18(b)
for comparison of the pristine and UV-irradiated sections. The index changes
in core and cladding layer are of the same order and there is no decrease of the
index change along the depth of the cladding layer.

In Fig. 5.19(a),(b) the measured refractive index changes inside the core and
cladding layer are shown for varying writing powers and velocities. In both layers
the refractive index changes are increasing with increasing writing power and
decreasing writing velocity. The maximum obtained refractive index changes
are about 7×10−3 in the core and 9×10−3 in the cladding, respectively.

Such high index changes in germanium-free materials have not been reported
before. In [91] UV-written waveguides were fabricated in boron phosphorus
doped silica layers deposited by PECVD. Refractive index changes up to 6×10−3

were deduced from measured near-field intensity distribution of the guided
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Figure 5.18.: Refracted near-field measurements of UV-written areas in non hydrogen-
loaded samples A1.
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Figure 5.19.: Exposure characteristics of UV-induced refractive index changes in the core
(germanium-doped) and cladding (BPSG) layer in non hydrogen-loaded A1
samples.
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mode. However, hydrogen-loading was applied in order to enhance the pho-
tosensitivity. In addition an excimer laser at 193 nm was used and the accu-
mulated fluence was not stated. Therefore the results can not be compared.
Without hydrogen-loading UV-written waveguides were produced in Pyrex (a
bulk borosilicate glass without germanium) [92]. A 244 nm CW laser was used
there and refractive index changes in the order of 10−3 were obtained by fitting
refractive index profiles to measured effective indices of guided modes.

The observation of waveguides in the microscope pictures was reinforced
by the measurement of the near-field intensity distributions at 1550 nm of the
resulting waveguides. Depending on the vertical position of the input fiber
and the tested wavelength, different intensity distributions were obtained, see
Fig. 5.20. It seems that there are at least three modes, which can propagate in
this structure. By using a simplified model for the refractive index distribution
this assumption could be verified using a numerical mode solver 2.
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Figure 5.20.: Measured near-field intensity distributions at 1.55µm for different vertical
positions of the input fiber. The thick black line at x = 0µm marks the
cladding-air interface and the gray rectangle at x =−20µm the germanium-
doped slab waveguide. The lines shown are equal power lines at 10. . . 90 %
of the maximum intensity.

Further experiments have shown that the photosensitivity of the BPSG lay-
ers depends on the boron concentration, see the description for sample J1 in

2Simulation results courtesy of Michael Krause
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appendix D. Based on this finding IPHT produced a layer system without any
germanium doped layer (see Fig. 5.16(b)). The thickness of the layers was not
specially chosen for these experiments and not optimized in terms of inscription
of waveguides.

In this layer system straight waveguides were written and the refractive index
changes in both layers were measured by the refracted near-field method. As
shown in Fig. 5.21(a) there exists a zone, where the difference in the photosen-
sitivity enables a direct writing of waveguides in the lower cladding layer. The
measured near-field intensity distribution at 1.55µm of a waveguide written into
this material system is given in Fig. 5.21(b). In contrast to the results obtained
for sample A1 no waveguiding inside the cladding layer was observed.
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Figure 5.21.: Exposure characteristics and measured near-field intensity distribution at
1540 nm of a UV-written waveguide in sample J2. The lines shown in the
near-field plot are equal power lines at 10. . . 90 % of the maximum intensity.

By butt coupling of SMF-28 fibers to each side of the sample the insertion
losses of the UV-written waveguides were measured. The broadband transmis-
sion spectra of a 2 cm long waveguide yields insertion losses of 2.8 dB at 1200 nm
and 5 dB at 1600 nm with a linear increase in between. These values include the
fiber–chip coupling losses due to the mode mismatch, which were calculated to
be ∼ 1.2dB. This yielded propagation losses of ∼ 1.2dB/cm at 1550 nm. A part of
this loss is due to the leakage of power into the silicon caused by the insufficient
thickness of the buffer layer (see the description for sample J2 in appendix D).

By using an isochronal annealing the thermal stability of the UV-induced
refractive index changes in the core and cladding layer of sample A1 were mea-
sured. Results of this investigation are given in appendix B.
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5.7. Waveguide structuring by means of UV-induced
refractive index decreases

The work presented in this section was performed in cooperation with the Labo-
ratoire de Physique des Interfaces et des Couches Minces, Ecole Polytechnique
(LPICM) and the Université Paris Sud (UPS) within the framework of the PLATON

project. The aim was to investigate the applicability of using layers deposited by
the matrix distributed electron cyclotron resonance plasma-enhanced chemical
vapor deposition (MDECR-PECVD) technique at LPICM for optical applications
and compare this technique with mature deposition techniques such as flame
hydrolysis deposition (FHD) or radio frequency plasma-enhanced chemical
vapor deposition (RF-PECVD). An important part of this investigation was the
characterization of the photosensitivity of these layers. Results of this coopera-
tion are published in [7–10].

5.7.1. MDECR reactor and performance

The plasma-enhanced chemical vapor deposition (PECVD) is one of the mature
deposition techniques for optical waveguide layers. Here, radio frequencies
are normally used for the excitation of the plasma. The research in the area of
high-density plasmas over the last 20 years has resulted in the development of
electron cyclotron resonance (ECR) plasma sources [93].They are based on the
efficient absorption of microwave energy in ECR conditions. Such discharges
are remarkably stable and provide a high degree of dissociation, independent
control of both plasma density and ion energy, and the possibility of integrating
different processes, such as plasma cleaning and thin-film deposition and etch-
ing, in one vacuum chamber. Moreover, ECR discharges generate large fluxes of
low energy ions, which help to densify the growing film without damaging the
substrate, so that no high temperature post-deposition annealing is necessary.
Their energy can be controlled independently by applying additional bias to
the substrate [94]. The low temperatures during the deposition process allows a
wide range of materials to be used as substrates.

Matrix distributed ECR (MDECR) is the latest development stage in the line of
distributed ECR plasma sources based on the combination of permanent mag-
nets and multiple microwave antennas [95]. A detailed description of the reactor
and its performance is given in [96] and only a brief overview will be given here.
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The linear alignment geometry of the antennas used in the previous versions
of distributed ECR systems has been replaced by a matrix alignment. In the
latest configuration 24 antennas were used for the excitation of the plasma. This
enables a deposition on large areas (up to 40×40cm2) with a high homogeneity
and also offers the possibility of deposition on 3D-surfaces [97].

The working pressure range of the MDECR system is between 0.025 and 2.5 Pa
and the power levels used per antenna are between 10 and 300 W. Precursors,
as in any PECVD process, are supplied as gases, which are dissociated by the
plasma in the gas phase and on the surface and thus form growing films. Oxygen,
nitrogen and C2F6 are supplied through a grid located in the most intense
plasma region. Silane is provided through 4 tubes which are arranged in a
8×8cm2 square at a distance of 10 cm from the substrate. Germane (2 % dilution
in H2) is injected together with silane. Due to the low pressure operation mode,
the number of gas phase chemical reactions is largely reduced and for silica
deposition, for example, pure silane and oxygen can be used. For the deposition
of germanium-doped silica films silane, oxygen and germane are used. Typical
growth rates for silica of 10 to 70 nm/min with a thickness uniformity better than
3 % were achieved. The deposited silica layers are also practically stress-free
(< 0.1GPa for a 5µm silica film on silicon) [96].

Measurements of the refractive index homogeneity have shown that the ho-
mogeneity of the deposited germanium-doped layers is rather poor. For an
intended refractive index step of 10×10−3 variations in the order of 7×10−3 and
propagation losses in the order of 1 dB/cm were measured at 1310 nm [98]. Also
possible air bubbles inside the deposited layers were visible under an optical
microscope. Even if these structures only exist in the cladding layer they can
affect the waveguiding properties of the produced waveguide structures. In
addition they made the polishing of the end faces, which is necessary for the
RNF measurements, quite difficult.

One of the aims for the deposition of optical layers is a low hydrogen con-
centration inside the deposited layers in order to prevent losses caused by the
formation of O-H or other bonds. For a germanium concentration of 3 at%, as
used in this experiments, relatively high hydrogen concentration of about 5 at%
were obtained [96]. Normally a high temperature post-deposition annealing is
applied in order to reduce the hydrogen concentration [99]. On the other hand it
is known that a hydrogen-loading of certain materials increases the photosensi-
tivity [57, 58]. A short high-temperature heating (1–2 s, 1000 ◦C) of such samples,
which creates a large amount of OH-species, locks this photosensitivity [61].
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This lead to the idea to use the inclusion of hydrogen during the deposition
process as a photosensitivity enhancement and, as there is no outdiffusion, also
as a locking technique.

Shortly after the deposition of the layers used in these experiments the
MDECR reactor at LPICM was dismantled and a new reactor was constructed.
Unfortunately LPICM also shifted its attention to the production of silicon oxyni-
tride layers. Therefore, only a limited number of sample materials were available
for the following experiments.

5.7.2. Photosensitivity experiments

The samples used for these experiments were a two-layer slab waveguide system
on top of a silica substrate. The 4.5µm thick core layer is doped with 3 at%
germanium and is covered by a 15µm cladding of pure silica (see Fig. 5.24(a)).
The UV-irradiations were carried out with the setup shown in Fig. 5.2. The
laser beam was focused onto the photosensitive core layer by a 10 mm lens to a
1/e2-diameter of about 4µm. Hydrogen loaded and non-loaded samples were
used and have shown the same qualitative behavior. All results presented in this
section were obtained with non-loaded samples. For the photosensitivity tests a
series of waveguides with UV-powers of 10 and 35 mW and writing velocities in
the range of 5. . . 1600µm/s were written.

As described in section 4.2 the first characterization performed on any wave-
guide structures is a visual inspection. All UV-written lines appeared as light
brown lines and were clearly visible under an optical microscope. The check-
ing of the waveguiding properties of the UV-written lines however yielded a
unexpected result (see Fig. 5.22).

For the position of the input fiber as shown in Fig. 5.22(a) the light from a
fiber-coupled HeNe laser is vertically guided inside the slab waveguide. In the
horizontal direction the light is only guided between two UV-written lines. If
the input fiber is moved to the position shown in Fig. 5.22(b) the light remains
trapped between the UV-written stripes. When the input fiber is aligned with
a UV-written line (Fig. 5.22(c)) no horizontal guiding could be observed. If the
input fiber is now moved between the next pair of UV-written lines (Fig. 5.22(d))
the light is then guided there.

Such a behavior can only be explained if the UV-irradiation did not yield a
positive refractive index change as presented in all the previous sections but a
negative refractive index change. In order to check this assumption refracted
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fiber with HeNe light

UV-written lines

(a)

fiber with HeNe light

UV-written lines

(b)

fiber with HeNe light

UV-written lines

(c)

fiber with HeNe light

UV-written lines

(d)

Figure 5.22.: Simple experiment for checking the waveguiding properties of the UV-
written lines. The observed behavior can only be explained if the UV-
irradiation yields in a refractive index decrease of the UV-written lines.

near-field measurements were performed. An example showing an UV-illumina-
ted section with a refractive index decrease of 10−2 is shown in Fig.5.23(a)
and 5.23(b). The top down order of the different materials in the two-dimen-
sionsional refractive index distribution shown is: pure silica layer, Ge-doped
silica (both deposited by MDECR-PECVD) and the Suprasil® substrate.

The relation between index change and writing velocity in a logarithmic scale
is shown in Fig. 5.23(c). For all writing conditions tested a decrease of the
refractive index inside the germanium-doped core layer was observed. Each
point is the mean value of two sections, which are irradiated under the same
conditions. For the 35 mW irradiation, measurements could be performed on
both end faces of the sample. For several writing conditions the corresponding
values differ strongly from each other. The reason for this is not known yet. A
possible explanation can be the refractive index inhomogeneity of the deposited
layers which can both affect the photosensitivity and the RNF measurements
(see section 4.5.2). Some UV-irradiated sections could not be characterized at
all because the facets at their position were damaged. Even repeated polishing
steps could not solve this problem.
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Figure 5.23.: Two-dimensional refracted near-field measurement of an UV-illuminated
section, horizontal cut through the photosensitive core layer and exposure
characteristic. The maximum refractive index changes were about −10−2 .

The amount of UV-induced refractive index change depends on both the
UV-power and the writing velocity. For a constant UV-power the amount of
index change increases with decreasing writing velocity. Such a behavior is
observed for all material systems used in this thesis. The UV-power (or more
precisely the power density), however, has a greater influence. Whereas for an
irradiation with 10 mW the refractive index changes are lower than −4×10−3 ,
even for the slowest writing velocities, such index changes are still obtained
for the fastest writing velocity, when a UV-power of 35 mW was applied. The
maximum measured refractive index changes were in the order of −10×10−3 .
Due to the limited number of samples no experiments could be performed with
higher UV-powers.

UV-induced negative refractive index changes of planar waveguides have
already been reported. Refractive index changes down to −6×10−3 caused by
193 nm excimer irradiation have been presented in [100]. The material used
was germanium-doped silica deposited by the HARE device [101]. The esti-
mated germanium concentration was ∼ 15mol% and no detectable levels of
hydrogen were present, which make this material different to the one used here.
Deuterium-loaded SiON samples and a 248 nm KrF excimer laser were used
for the experiments in [102]. A low-fluence pre-exposure after the deuterium-
loading was necessary to enhance the photosensitivity. Using UV-written Bragg
gratings decreases of the average refractive index as as large as −1.7×10−3 have
been measured. These Bragg gratings were stable during a isochronal annealing
up to 500 ◦C. Refractive index changes down to −6×10−3 were measured in
germanium-doped silica samples with a GeO2 concentration of ∼ 3.3at% [103].
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For these experiments the hollow-cathode plasma-enhanced chemical vapor
deposition (HC-PECVD) was used and the irradiations were carried out with
a 193 nm ArF excimer laser. In contrast to the presented results in this thesis
refractive index increases were observed at the beginning of the exposure curve.

The mechanisms behind these large negative refractive index changes are
still not fully understood. In the next section the results of several experiments
which were aimed at a better understanding of the mechanisms involved are
presented.

5.7.3. Photosensitivity mechanisms

In cooperation with the Université Paris Sud a collection of experiments were
performed in order to explain the measured UV-induced refractive index changes
in the MDECR-PECVD samples. For the measurement of surface changes, IR-
absorption and Raman spectroscopy squares of 400×400µm2 dimensions were
UV-irradiated. The used UV-power ranged from 3. . . 57 mW and the writing
velocities from 30. . . 1000µm/s. Three different sample types were used, see
Fig. 5.24. Sample U1 has the same structure as the samples used for the photo-
sensitivity experiments, whereas for sample U2 the cladding layer is missing.
Sample U3 is just a pure silica layer deposited on the substrate.

Suprasil
®

~1mm

Ge-silica 4.5µm

15µmsilica

(a) Sample U1

Ge-silica

Suprasil
®

~1mm

4.5µm

(b) Sample U2

silica

Suprasil
®

~1mm

15µm

(c) Sample U3

Figure 5.24.: Samples used for the determination of the photosensitivity mechanisms.

All shown layers on top of the Suprasil® substrate are deposited by MDECR-
PECVD.

Due to restrictions imposed by the measurement setup for the UV-absorption
another piece of sample U1 was prepared where the size of the squares was
increased to 1000×1000µm2. This resulted in fewer combinations of UV-power
and writing velocity (PUV = 4/12/32mW and v = 100/300/1000µm/s).

As the the irradiated areas are much larger than the focussed UV-laser beam
the areas were filled by parallel UV-written lines with a spacing of 2µm (similar
to Fig. 5.14(b)). No hydrogen loading was applied for these samples.
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The term absorbance as used in the next paragraphs is defined by

A(λ) =− lg

(
I (λ)

I0(λ)

)
, (5.5)

with I0(λ) as the incident and I (λ) as the transmitted intensity. From the differ-
ences between the absorbance of a pristine sample and an UV-irradiated area
the UV-induced absorption coefficient changes can be calculated by

∆α(λ) = ∆A(λ) · ln(10)

d
, (5.6)

with d as the thickness of the UV-absorbing layer. Additional losses due to UV-
induced scattering are neglected. All the measurements shown in the next parts
were conducted at the Université Paris Sud.

UV-absorption changes

As shown in section 3.1.1 UV-induced changes in the absorption in the UV
wavelength range can yield a significant change of the refractive index in the
1550 nm region. UV-absorption spectra were measured between 190. . . 300 nm.
Fig. 5.25(a) shows the absorbance spectra of a pristine sample and three different
UV-irradiated areas (PUV = 32mW). All spectra were offset corrected for no
UV-induced absorption changes at 300 nm [104]. The UV-absorption in the
cladding has been measured and found to be negligible. The measured UV-
absorption of the germanium-doped core layer has a maximum at 196 nm with
a value of 1µm−1 = 4.5 dB/µm. At the irradiation wavelength of 244 nm the
absorption decreases to 0.2µm−1 = 0.8 dB/µm. This value is in the same range
as the measured UV-absorption for the sample I1 from section 5.4 (0.13µm−1 at
257 nm) [105].

A general decrease of the UV-absorbance for all irradiation conditions is
observed. The calculated UV-absorption coefficient changes are displayed in
Fig. 5.25(b). As for each irradiation condition two areas were produced, the
curves shown are the mean value of the two corresponding areas. In contrast
to the results presented in [106] for a germanosilicate preform, the absorption
coefficient decreases for all wavelengths and there is no proportionality between
the absorption coefficient changes at 195 and 242 nm.

From the Kramers-Kronig relation eq. (3.1) it can be seen that a decrease of the
UV-absorption yields a decrease of the refractive index in the NIR-region. A full
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Figure 5.25.: Measured UV-absorbance and UV-absorption change spectra for a UV-
power of 32 mW.

evaluation of the refractive index changes at 1550 nm due to the UV-absorption
changes is given in Fig. 5.26.
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Figure 5.26.: Calculated refractive index changes from UV-absorption changes using
Kramers-Kronig relation. The left picture shows a direct evaluation of the
absorption changes curves, whereas for the right picture the absorption
changes were extended down to 150 nm using a gaussian fit centered at the
position of the maximum absorption coefficient change.

The values in the left graph were obtained by a direct numerical evaluation of
the Kramers-Kronig relation. In [46] it was shown that the main contribution to
the refractive index changes comes from UV-absorption changes below 200 nm.
Therefore the UV-absorption changes were further extended down to shorter
wavelength by fitting a gaussian function into the absorption change maximum
and using its short wavelength tail. This procedure is only justified if there

60



5.7. Waveguide structuring by means of UV-induced refractive index decreases

are no absorption peaks below 190 nm, which changes their strength by UV-
irradiation. For a germanosilicate preform it was shown in [45] that there were
no major bands down to 165 nm. The extension of the wavelength range taken
into account resulted in an additional decrease of the index changes by about
25 %. The two markers for each irradiation condition correspond to the two
irradiated areas. The maximum refractive index changes calculated from the
UV-absorption changes are −1.7×10−3 .

In contrast to the measured UV-induced refractive index changes shown in
Fig. 5.23(c) the maximum UV-absorption changes and corresponding calculated
refractive index changes are obtained for fast writing velocities instead of slow
writing velocities. Furthermore the amount of refractive index changes which
can be explained by UV-absorption changes are smaller than the measured
refractive index changes. Therefore, an additional effect has to be present.

IR-absorption changes

UV-induced changes in the IR-absorption can also yield refractive index changes
in the 1550 nm region. Therefore IR-absorption spectra were measured in the
range 2400. . .4000cm−1 using a Fourier transform IR spectrometer. The spec-
tral resolution was 4cm−1 and an averaging over 64 scans was applied. The
IR-absorbance of a pristine sample (U1) is shown in Fig. 5.27(a). In contrast
to the UV-induced absorption coefficient changes in the UV-range the absorp-
tion coefficient changes in the IR-range are more than one order of magnitude
smaller (see Fig. 5.27(b)). In addition both absorption increases and decreases
can be observed in the measured wavelength range.

With the exception of the 15 mW/1000µm/s case all measured IR-absorption
coefficient changes yield positive refractive index changes via the Kramers-
Kronig relation. The changes however remain small (less than +5×10−4 ). The
measured large negative refractive index changes can therefore not be explained
by changes in the IR-absorption of the core layer.

Raman spectroscopy

With the help of the Raman spectroscopy UV-induced changes in the density
of the oscillation vibrational states of the irradiated material can be detected.
Based on this information correlations between structural changes of the glass
structure and refractive index changes caused by UV-irradiation can be investi-
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Figure 5.27.: Measured IR-absorbance spectra of a pristine sample and UV-induced IR-
absorption changes.

gated [107]. Raman spectra were measured using a Raman spectrometer with
an Argon laser at 514 nm acting as an excitation source. The spectra were mea-
sured from 200. . .4000cm−1 and were calibrated against a pure silica sample.
After an offset correction all spectra were normalized to their value measured
at 440cm−1. The Raman spectra of a pristine sample and three different UV-
irradiated areas are shown in Fig. 5.28(a). The pristine sample only has a raman
signal in the region around 500cm−1.
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Figure 5.28.: Raman spectra of a pristine sample and three different UV-irradiated areas.

The right picture shows the evolution of the 1338cm−1 peak as a function
of the irradiation conditions.

The most notable changes in the Raman spectra due to the UV-irradiation
are the appearance of new peaks located around 1500cm−1 and 2800cm−1. The
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evolution of the 1338cm−1 peak as a function of the irradiation conditions is
given in Fig. 5.28(b). The largest changes are obtained for the highest UV power
and fastest writing velocity. A more detailed investigation of this topic including
a classification of the involved chemical bonds is given in [10].

Volume changes

As pointed out in section 3.1.2 large UV-induced refractive index changes can
also be explained by a densification or expansion of the material. Therefore the
surface topography of UV-irradiated areas was determined. The measurements
were performed with a phase shift interferometer working at 534 nm.

Instead of a densification, normally observed for germanium-doped silica
materials, an expansion of the surface was observed for all irradiation conditions
on sample U1 and U2 [8, 9]. An example of such a surface expansion for sample
U1 is given in Fig. 5.29. No surface changes were observed on sample U3, which
was expected from the UV-absorption measurements.

Figure 5.29.: Measured surface of a UV-irradiated area (sample U1, P = 32mW and v =
500µm/s).

The dependence of the step height ∆x of the irradiated areas as a function of
the irradiation conditions is given in Fig. 5.30(a). For UV-powers up to 15 mW
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the surface changes are increasing with decreasing writing velocity. For UV-
powers larger than 15 mW this ordering is reversed, which means that the highest
surface changes are obtained by the fastest writing velocities. In Fig. 5.30(b) the
same data is presented as a function of the writing fluence. From this graph it
can be seen that the term fluence is not well suited for the description of this
phenomenon. Depending on the combination of UV-power and writing velocity
the same fluence value can induce different surface changes. For a fluence
of 1.9kJ/cm2 a surface change of 30 nm was obtained for the irradiation with
6 mW and 100µm/s, whereas the same fluence realized with the combination of
57 mW and 1000µm/s yielded a ∆x of 200 nm.
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Figure 5.30.: Measured surface upshifts of UV-irradiated areas on sample U1.

For constant writing velocities the surface expansions are increasing with
increasing writing fluence (see the lines in Fig. 5.30(b)). However, for equal
writing fluences the curves are always ordered in the way that higher writing
velocities yield larger surface expansions. This implies that the used UV-power
(or power density) is the main parameter responsible for this phenomenon.

The fact that the observed surface changes are highest for fastest writing
velocities may be explained by a heating effect, which counteracts the expansion
process. Calculations have yielded a temperature increase of about 750 K inside
the core layer region under focus due to the absorbed UV-power [108]. However,
the temperature increase caused by stationary UV-irradiation is not much higher
than for fast scanned irradiation. This discrepancy can possibly be solved by the
mechanism presented in [105]. The heating of the material in connection with a
thermal activation of the included hydrogen can result in a positive feedback
loop, so that the UV-induced temperature increase can be even higher and a
melting of the material is possible.

64



5.7. Waveguide structuring by means of UV-induced refractive index decreases

From the measured surface upshifts it is possible to calculate the volume
changes inside the core layer. Based on them the refractive index changes can
be obtained by the Lorentz-Lorenz relation (eq. (3.4)). As the mechanical stresses
inside the material are not fully known the following part should only act as a
rough estimation in order to show the order of magnitude of the refractive index
changes related to densification/expansion of the material.

The step height ∆x is related to the dilation free of stress εvol
0 inside the core

layer. Two effects are responsible for the surface deformations: first the change
of thickness of the core layer ∆d and second a bulging effect ∆b caused by the
Flamant forces [109]. The sum of them yields the measured step height ∆x

∆d = 1

3

1+µp

1−µp
εvol

0 d (5.7)

∆b = 1

3

(
1+µp

)(
1−2µp

)
εvol

0(
1−µp

) d (5.8)

∆x = 2

3

(
1+µp

)
εvol

0 d , (5.9)

where µp is the Poisson ratio (0.2 for silica).
For the following considerations a surface hump of 100 nm is taken as an

example. This value results in an εvol
0 value of 0.028, corresponding to an increase

of the core layer thickness by 63 nm. The thickness of the core layer is therefore
increased by 1.4 %. For an isolated spot the UV-irradiation would cause an
expansion in all three directions. With the exception of the outermost lines
of the UV-irradiated areas the expansions in the plane of the core layer are
cancelled. Therefore the change in volume is given by the change in thickness
alone. With a total volume change of 1.4 % the Lorentz-Lorenz relation eq. (3.4)
yields a refractive index change of −6×10−3 . Compared with the measured
results this is a little bit too low. What is not taken into account so far is the
change of the refractive index induced by the stress field [42], which yields
an increase of the refractive index and therefore a reduction of the negative
refractive index changes. As no stress measurements were performed with these
samples no quantitative statements about the contribution of this effect can be
made.

From these observations the best working region for achieving large negative
UV-induced refractive index changes would be the combination of high UV-
powers and fast writing velocities. This is in contradiction to the measured
refractive index changes (see Fig. 5.23(c)), where the highest refractive index

65



5. Direct UV-writing of waveguide structures

changes were obtained with slow writing velocities. Additional experiments are
therefore necessary in order to solve this discrepancy. Unfortunately no new
samples were available to do so.

The results obtained for sample U2 are shown in Fig. 5.31. In the representa-
tion of the surface expansions as a function of the writing power (Fig. 5.31(a))
two different regions are present here, too. The inflexion point of the curves
is slightly moved towards 10 mW in comparison to Fig. 5.30(a). In the fluence
representation (Fig. 5.31(b)) the curves are always ordered in the way that higher
writing velocities yield larger surface expansions. The surface upshifts in this
sample are comparable or slightly larger than in sample U1 for the same writing
fluences.
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Figure 5.31.: Measured surface upshifts of UV-irradiated areas on sample U2.

For the irradiation conditions not shown the surface topography was so ir-
regular and highly damaged that no step heights could be determined. Two
microscope pictures of such a surface are shown in Fig. 5.32(a) and 5.32(b). A
two-dimensional quasi-periodic arrangement of dark spots can be seen there.
The period is decreased when the writing velocity is increased. Atomic Force
Microscope (AFM) measurements (see Fig. 5.32(c)) and Raman spectroscopic
investigations revealed that these dark spots are germanium microcrystals. A
detailed investigation of this phenomenon is still underway.

The following paragraph is a tentative explanation of what may lie behind
this observation [108]. Heating due to the UV-irradiation causes germanium to
cluster. At high speeds this affects only a narrow region; at slow speeds there is
time for germanium to diffuse from a wider region around the UV-beam focus.
This means that the next few micrometers in the direction of the laser beam
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Figure 5.32.: Optical microscope (a,b) and atomic force microscope (c) pictures of UV-
irradiated areas on sample U2.

movement and the next few scans of the raster have no effect at slow speeds
because this region has been depleted. Nothing changes until a fresh region of
the material is reached. This speculation is reinforced by a measurement of the
height of the microcrystals.

5.7.4. Waveguide structuring

In all of the experiments described in the previous sections the waveguide struc-
tures were defined by writing the waveguide core using positive refractive index
changes (see Fig. 5.33(b)). Waveguide structures can also be patterned by using
the aforementioned UV-induced negative refractive index changes. In this case
the cladding region of an optical waveguide is directly written by UV-irradiation
(see Fig. 5.33(c)). This technique is similar to the matured waveguide patterning
using photolithography and reactive ion etching, as shown in Fig. 5.33(a).

As can be seen in Fig. 5.33(c) at least two UV-written lines are necessary for
the waveguide patterning. Whereas this seems to be a disadvantage in terms
of writing effort there are some advantages associated with this technique. By
using the positive DWT the waveguide width is determined by the spot size
of the laser used and the interaction of the UV-light with the material. This
especially sets a lower limit for the waveguide width. Broad waveguide sections,
which are for instance necessary for multi-mode interference couplers can only
be realized with multiple writing scans, see Fig. 5.34(a) and section 5.5. This
requires long writing times and also the refractive index homogeneity of such
waveguides can be a problem. In order to realize a tight confinement of the
fundamental mode inside the waveguide core, a high UV-induced refractive
index is necessary. The photosensitivity of the core layer material is therefore
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Figure 5.33.: Comparison between etching, positive DWT and negative DWT (NDWT).
The dashed curves sketch the location and form of the guided fundamental
mode.

mainly utilized for the waveguide formation. This leaves only a little amount
left for UV-trimming or Bragg grating writing.

(a) MMI coupler realized by
DWT

(b) MMI coupler realized by
NDWT

(c) MMI coupler with Bragg
grating realized by NDWT

Figure 5.34.: Comparison of different writing techniques for the structuring of multi-
mode interference couplers.

The negative DWT, however, can realize any waveguide width with just two
writing scans. This might be advantageous regarding waveguide loss, it exploits
the homogeneity of non-UV-irradiated waveguiding regions and substantially
decreases the writing times for large area components, see Fig. 5.34(b). In
addition, the full photosensitivity of the material remains unused inside the
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5.7. Waveguide structuring by means of UV-induced refractive index decreases

waveguide core and can be exploited for post processing steps, like Bragg grating
writing or phase tuning. Using this technique a fully UV-written realization of
the structure sketched in Fig. 5.34(c) [110] seems to be more feasible than with
positive refractive index changes.

Using the UV-induced negative index changes multi- and single-mode wave-
guides were realized by writing the cladding region. The measured near-field
intensity distribution of a waveguide defined by two directly UV-written trenches
separated by 10µm is given in Fig. 5.35(a). The fundamental-mode power is well
confined inside the unprocessed region of the slab waveguide.
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Figure 5.35.: Measured near-field intensity distribution at 1.55µm and broadband trans-
mission spectrum of a waveguide defined by two directly UV-written
trenches separated by 10µm. The gray areas represent the unprocessed
parts of the slab waveguide and the lines shown are equal power lines at
10. . . 90 % of the maximum intensity. The transmission spectrum includes
the fiber-chip coupling losses.

The broadband transmission spectrum of a 2 cm long waveguide is shown
in Fig. 5.35(b). The large losses at 1400 nm are caused by the absorption of
various OH-species. This is typical for layers deposited by PECVD and normally
a high temperature annealing is applied in order to remove these species and
the associated losses. On the other hand if these species are responsible for
the negative photosensitivity observed, a tradeoff between photosensitivity and
losses has to be found.

The transmission loss at 1300 nm is about 10 dB. If the fiber–waveguide cou-
pling losses due to the mode mismatch (2× ∼ 1dB) and the measured propa-
gation losses (∼ 1dB/cm [98]) are subtracted from this value, additional losses
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of 3 dB/cm remain. These losses can be explained by leakage of power from
the defined waveguide structure into the surrounding slab waveguide. Calcula-
tions performed on the basis of a simplified measured refractive index profile
have shown that the leakage losses can be in the order of several dB/cm 3. In
order to prevent these losses a thicker cladding has to be patterned. This can be
achieved by multiple writing scans. As the requirements on the refractive index
homogeneity of the cladding are quite low, the spacing between adjacent scans
can be chosen to be of the order of the UV-beam spot size or even higher.

Fiber Bragg gratings realized with negative refractive index changes have a
better thermal stability compared to their positive index changes counterparts
[111]. A good thermal stability of waveguides defined by negative refractive
index changes has been reported in [112]. Due to the low number of available
samples no high temperature annealing experiments could be performed with
the samples used in this section.

According to the writing scheme shown in Fig. 5.34(b) the realization of MMI
couplers using the NDWT was also tried. In contrast to the results obtained
for positive refractive index changes (see Fig. 5.15) no formation of N -fold
images could be observed. One possible reason for this is the aforementioned
insufficient width of the UV-written trenches.

For the case of germanium-doped silica layers, which are mostly used for
integrated optical waveguide structures, large UV-induced refractive index de-
creases have already been reported in [103]. Waveguide structuring experiments
with this material are presented in [112]. A 10 mol% germanium-doped silica
layer deposited by the hollow cathode plasma-enhanced chemical vapor depo-
sition (HC-PECVD) was used as core layer and a 193 nm ArF laser was used as
UV-source. For low fluences an index increase up to ∼ 1×10−3 was observed,
which was followed by a decrease down to about −9×10−3 . For testing the ther-
mal stability of the waveguides the sample was annealed at 500 ◦C for 6 hours.
No visible degradation of the waveguiding properties were observed. As these
experiments were carried out using an excimer laser an amplitude mask was
needed for the illumination. The big advantages of the DWT, high speed and
flexibility, are therefore missing.

The waveguide structuring by UV-written trenches has also been used for the
production of waveguide lasers in a neodymium-doped fluoride glass [113]. The
adding of cerium into the waveguide layers provided a strong absorption for

3Simulation results courtesy of Michael Krause
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the used UV-laser (λ= 244nm). Through the UV-irradiation the material in the
focus of the UV-beam is heated above its melting point. As the laser beam is
scanned across the sample, the photothermally expanded region rapidly cools
down, resulting in a lower density and lower refractive index.

The technique presented in [114], where the trenches are created by ablation
of the material, is a rather intricate method. Even if the ablated surface is smooth
there will be an unwanted interaction of the guided wave with the surrounding
media. However, this method has the advantage that it works with a variety of
different materials (for instance silica thin films on silicon and LiNbO3), enables
high writing velocities (∼ 10mm/s) and the lasers used (CO2 or Q-switched
frequency doubled/quadrupled Nd:YAG) are rather cheap.

5.8. UV-written waveguides in bulk materials

In all of the previous sections the materials used had a layered structure (ei-
ther in terms of refractive index and/or photosensitivity), whereas the samples
investigated in this section are bulk materials with a homogeneous refractive
index and photosensitivity. The work presented in this section was done in
cooperation with Yvonne Menke from the Politecnico di Torino, Italy within the
framework of the ODUPE project. The aim was to investigate the influence of
Group IV elements (germanium (Ge), tin (Sn), lead (Pb)) on the photosensitivity
of the glasses. Some results of this cooperation are published in [11].

5.8.1. Motivation

The majority of integrated-optical devices are based on channel waveguides,
made out of germanium-doped silica. This material can be produced with high
purity resulting in a high uniformity of the refractive index and low losses in the
1550 nm range. However, the active, electro-optical and nonlinear properties
are rather small. In addition silica can not be used as a waveguide material for
IR applications due to its high losses in this wavelength range.

Therefore, there is a constant research going on for new optical materials.
In contrast to the highly sophisticated deposition methods for optical glasses
like the chemical vapor deposition, the melt-quenching method offers a simple
technique to test new glass compositions. This is possible because no contami-
nation of a reactor or complicated gas phase reactions have to be taken into
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5. Direct UV-writing of waveguide structures

account. Due to the customizable chemical composition with the capability
of incorporating large numbers of glass components, specially designed bulk
materials can be produced.

Once a interesting material system is found the first task is to create wave-
guides out of it. This can be either done by drawing fibers or even nanowires
from these materials [115] or by fabricating integrated optical waveguides. For
some materials, for instance sulfide chalcogenides, it is possible to fabricate thin
films by using conventional thermal evaporation [116]. After this fabrication
step integrated optical waveguides can be realized by the mature photolithog-
raphy and etching process (Fig. 5.1(a)). If such techniques cannot be applied
for the glass of interest the waveguide structuring has to take place inside the
bulk material. One technique to achieve this is an ion exchange [117]. By using
a field assisted annealing even buried waveguides can be realized [118]. This
technique however requires that a suitable cation pair can be found.

Another way to achieve waveguide structures inside bulk materials is the
use of the direct UV-writing technique [34]. In contrast to experiments with
photosensitive Ge-doped silica layers between undoped, non-photosensitive
layers (Fig. 5.36(a)), the resulting vertical index distribution in bulk samples is
essentially determined by the absorption coefficient for the UV-light (Fig. 5.36(b)
and 5.36(c)) [119]. Some details and results regarding the research for glasses
with a high photosensitivity can be found in [120, 121].
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UV

(a) Layered material system

UV

bulk glass material

Dn

(b) Bulk material with low UV-
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UV

bulk glass material

n

(c) Bulk material with high
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Figure 5.36.: Comparison of UV-induced refractive index changes in a layered material
system and in bulk glasses with low and high UV-absorption.
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5.8. UV-written waveguides in bulk materials

In glasses with a low UV-absorption the resulting refractive index changes
will look as sketched in Fig. 5.36(b). This usually results in multi-mode slab
waveguides (see the vertical lines in Fig. 5.38(b) and the resulting near-field
intensity distributions in Fig. 5.40 as an example), which are not wanted for
most of the desired purposes. Such a behavior has been shown in silicate glasses
with low germanium concentration [122], borosilicate glasses [92] and in rare-
earth doped phosphate/fluorophosphate glasses [120]. In order to achieve
channel waveguides in such materials several approaches have been success-
fully demonstrated. In [92] a horizontal slab waveguide was added at the top
of the material through ion exchange and the UV-illumination yielded a chan-
nel waveguide inside the ion-exchanged layer. By using direct bonding and
an intersubstrate ion exchange even buried waveguides were produced by UV-
irradiation [123]. This however required additional steps for the fabrication
of the material system, so that one advantage of waveguide structures in bulk
materials was lost.

A second domain exists for glasses with a high UV-absorption which leads
to a small penetration depth of the laser beam. This results in refractive index
changes only directly under the surface and the possible formation of channel
waveguides as shown in Fig. 5.36(c). Examples for such materials are silicate
glasses with high germanium concentration [122], bismuth-oxide based glas-
ses [124], lead silicate glasses [125], chalcogenide glasses [126] and tellurite
glasses [70]. All of these fabricated waveguides have the disadvantage that
they are located directly under the surface of the material and therefore suffer
from interaction with the surface (scattering losses) or the surrounding media
(absorption or change of the effective index of the guided modes). In addition
large UV-induced refractive index changes are needed in order to overcome the
fundamental-mode cutoff. These disadvantages can be avoided by fabricating
buried channel waveguides.

The glass used in the following experiments was a multicomponent silicate
glass (SGBN – labelled after its components silicon, germanium, boron and
sodium). The photosensitivity of SGBN glasses with different germanium con-
centrations has already been investigated in [122]. The low UV-absorption of
6 mol% GeO2 glass resulted in slab waveguides written through the full thick-
ness of the samples (∼ 1mm), whereas in the glass with 20 mol% GeO2 channel
waveguides at the surface were produced, see Fig. 5.37. The refractive index
changes obtained in both cases were smaller than 10−3 and the waveguides
fabricated were only characterized at 633 nm. The reason that no waveguiding
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5. Direct UV-writing of waveguide structures

at 1550 nm was shown could be the aforementioned cutoff for the fundamental
mode. For the experiments presented here the aim was to have a glass with
a UV-absorption as small as possible and a photosensitivity as large as possi-
ble and therefore an intermediate germanium concentration of 10 mol% was
chosen.

UV

vertical
slab waveguide

(a) 6 mol% GeO2

UV

underlying
channel waveguidesurface bump

(b) 20 mol% GeO2

Figure 5.37.: Schematic representation of results obtained with different SGBN material
systems in earlier UV-writing experiments [122]. In the 6 mol% GeO2 glass
slab waveguides were written through the full thickness of the samples. The
UV-irradiation of the 20 mol% GeO2 glass yielded a surface expansion with
an underlying channel waveguide.

5.8.2. Preparation/Description of the material

The glass samples were fabricated at the Politecnico di Torino by the standard
melt-quenching method. Reagent grade powders of SiO2, GeO2, H3BO3 and
Na2CO3 were mixed in stoichiometric proportions (60 mol% SiO2, 10 mol%
GeO2, 10 mol% B2O3 and 20 mol% Na2O) and melted at 1400 ◦C for 1 h and
1700 ◦C for 1 h in Al2O3 crucibles. The crucibles were quickly withdrawn from the
furnace and the glasses were left inside the crucibles while cooling to room tem-
perature. Annealing of the glasses was carried out at a heating rate of 5 ◦C/min
up to Tg followed by slow furnace cooling (∼ 30◦C/h). The samples were then
cut, polished and characterized in terms of physical and optical properties at
the Politecnico di Torino, see table 5.1. The glass obtained was X-ray amorphous
and transparent. Differential Scanning Calorimetry (DSC) was carried out on
a PerkinElmer analyzer in order to determine the glass transition temperature
(Tg ) and a value of 577 ◦C was measured in this way.
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5.8. UV-written waveguides in bulk materials

Table 5.1.: Physical properties of the SG10B10N20 glass.

property value unit
transformation temperature Tg 577 ◦C
density ρ 2.6 g/cm3

Vickers hardness 5.4 GPa
refractive index at 546 nm 1.5168
refractive index at 589 nm 1.5131

5.8.3. Vertical slab waveguide inscription

Photosensitivity experiments were carried out with the setup shown in Fig. 5.2.
The UV-power of the 244 nm laser was 35 mW and was focused by a 20× UV-
microscope objective to a 1/e2-diameter of about 4µm onto the sample surface.
The bulk sample was mounted on a high-precision two-dimensional transla-
tion stage and was scanned under the UV-beam, so that straight lines were
written. Different writing velocities ranging from 5 to 1800µm/s (yielding flu-
ences from 0.6 to 220kJ/cm2) were tested. Neither hydrogen loading nor other
pre-treatments to enhance the photosensitivity have been applied.During the
UV-irradiation of the material a bright blue luminescence was observed.

The visual inspection of the UV-irradiated sections revealed that all UV-
written lines were visible under an optical microscope and no ablation caused
by the UV-irradiation was measured. By looking at the end faces, changes in
the material were visible up to depths of more than 300µm, while the structure
width corresponded to the width of the writing beam (Fig. 5.38(a)).

In several previous publications about UV-induced refractive index changes
in bulk materials, the measurement of the numerical aperture of the fabricated
waveguides was used for the determination of the amount of index changes.
This method, however, is only valid for multi-mode waveguides. Especially it
cannot be applied to single-mode waveguides, where the angular width of the
far-field pattern depends on the spot size [127, 128]. Because of the fact, that the
reported index changes in the aforementioned publications were rather small,
the prerequisite of a multi-mode waveguide was not fulfilled. Also the fitting of
index profiles to measured near-field intensities is only an indirect method and
requires some assumptions regarding the resulting index structure [129].
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Figure 5.38.: Microscope picture and two-dimensional refractive index distribution of
the endface of a UV-irradiated SG10B10N20 sample. In the microscope
picture the writing velocity is decreased from 65 to 5µm/s (left to right).
The refractive index measurement shows the two rightmost waveguides.

As it was explained in section 4.5.2 no such assumptions have to be made if
the refractive index changes are determined by the refracted near-field method
(RNF). The two-dimensional refractive index distribution of the two waveguides
written with the highest fluence is given in Fig. 5.38(b). Due to the limited
scanning range of the RNF setup it was not possible to measure deeper into the
material. The area of refractive index increase has a width similar to the width
of the writing beam and a depth of more than 100µm. As expected, the amount
of index increase is highest close to the surface and then decreases slowly with
increasing depth (Fig. 5.39(a)).

The relation between refractive index increase and writing fluence is shown in
Fig. 5.39(b). For writing velocities higher than 100µm/s, i. e. fluences lower than
11kJ/cm2, no index changes could be determined. The maximum refractive
index change achieved was nearly 5×10−3. The solid line shows a power law fit
onto the measured data. More experiments are needed in order to check the
validity of this model.

The refractive index changes achieved are high enough in order to overcome
the fundamental-mode cutoff even for a wavelength of 1.55µm. Images of
measured near-field intensity distributions of the UV-written waveguides at this
wavelength are shown in Fig. 5.40. This is the first time that guiding at 1.55µm
was accomplished for directly UV-written waveguides in a bulk multicomponent
silicate glass. The four different pictures show the output intensity distribution

76



5.8. UV-written waveguides in bulk materials

−120−100−80−60−40−200
1.504

1.506

1.508

1.51

1.512

x [µm]

re
fr

ac
tiv

e 
in

de
x

0 10 20 30 40 50 60 70
1.504

1.506

1.508

1.51

1.512

y [µm]

re
fr

ac
tiv

e 
in

de
x

(a) Vertical and horizontal cuts

0 50 100 150 200 250
0

0.001

0.002

0.003

0.004

0.005

fluence [KJ/cm2]

re
fr

ac
tiv

e 
in

de
x 

ch
an

ge

measured data

∆ n = 10−3 (F/(10.4 kJ/cm2))0.51

(b) Exposure characteristic

Figure 5.39.: Vertical and horizontal cuts of the RNF measurement shown in Fig. 5.38(b)
and exposure characteristics of the SG10B10N20 glass. The dashed line in
the vertical cut represents the refractive index of the bulk material.

for different vertical positions of the input fiber. The waveguides appear to be
single-mode in the horizontal (y) direction and multi-mode in the vertical (x)
direction in accordance with the measured index profiles.
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Figure 5.40.: Measured near-field intensity distributions at 1.55µm of a UV-written ver-

tical slab waveguide in a SG10B10N20 bulk glass sample (F = 220kJ/cm2).
The thick black line at x = 0 marks the glass air interface. From left to right,
the vertical position of the input fiber is moved 20µm into the negative x
direction between adjacent pictures. The lines shown are equal power lines
at 10. . . 90 % of the maximum intensity.

As mentioned at the beginning of this section, glasses with lead and tin were
also investigated within this cooperation but the results obtained were not as
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good as the presented results. Usually the UV-irradiation resulted in surface
trenches, see Fig. 5.41 as an example for tin and lead glasses. These surface
trenches possibly resulted in a compaction of the underlying material and a
waveguiding at 633 nm was observed there.
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Figure 5.41.: UV-induced surface trenches obtained in tin and lead glass samples.

5.8.4. Channel waveguide inscription

Whereas the realization of directly UV-written waveguides at 1.55µm is already
a big improvement in comparison with earlier experiments, these waveguides
are still located directly under the surface of the material. In addition the wave-
guides are multi-moded which is not desired for the majority of optical applica-
tions, too. The next step was therefore the development of a writing technique
in order to realize buried channel waveguides.

For a dielectric structure to be a waveguide it needs an index core with the
surroundings having a smaller index, regardless of what the surrounding struc-
ture is. It can be homogeneous as in fibers, or a more complicated structure
like the perpendicular superposition of two slab waveguides as in Marcatili’s
classical model (Fig. 5.42(a)) [130], no matter what the angle between the two
slab waveguides is. This idea lead us to superimpose two UV-written slabs as an
X-shaped channel waveguide with the channel exactly in the crossing section,
see Fig. 5.42(b). This structure is not as strange as it appears, since a channel
waveguide fabricated by UV-inscription into a traditional photosensitive slab
waveguide is very similar to it. In particular, guided slab modes do exist but are
scarcely harmful in either case.

In order to realize such a structure by direct UV-writing a bulk photosensitive
material is needed, which has a sufficiently small UV-absorption in order to let
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Figure 5.42.: Description of a channel waveguide as a superposition of two slab wave-
guides (n1 > n2 > n3). The dashed curves sketch the location and form of
the guided fundamental mode.

the UV-beam penetrate deeply into the material and, at the same time, produces
a sufficiently large index increase at UV-illumination. A low attenuation is also
required to ensure that the highest index is reached at the crossing and not
just below the surface in order to avoid trapping of light there. As shown in the
previous subsection the material used fulfills these requirements.

The basic scheme for writing buried X-shaped waveguides into a bulk mate-
rial is sketched in Fig. 5.43: With a fixed UV-microscope objective (40×, NA =
0.8 ) two skew waveguides were inscribed by using an off-axis focussing arrange-
ment (Fig. 5.43(a) and 5.43(b)). At the intersection of these two slabs a channel
waveguide is formed (see Fig. 5.43(c) and 5.44(a)).

The image of the measured near-field intensity distribution of such a buried
UV-written waveguide at 1550 nm is shown in Fig. 5.44(b). The fundamental-
mode power is well confined to the crossing region. Thus, a buried channel
waveguide has successfully been fabricated in a photosensitive bulk material.
With an increased angle of the crossed slabs the field ellipticity should decrease
even further. The maximum angle is limited by the NA of the lens used and is
∼ 76◦ with the equipment available. Higher crossing angles could be achieved
by using an immersion glycerine lens, which offers a NA of 1.25.

As the attenuation of the UV-laser beam is still not small enough there are also
index maxima just below the surface, and a small amount of power is trapped
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Figure 5.43.: Schematic writing setup for buried X-shaped channel waveguides.

there, indicated by the two small lobes in the upper region of Fig. 5.44(b). Further
work on the material composition is necessary to avoid such field components.
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Figure 5.44.: Microscope picture of a buried X-shaped channel waveguide and measured
near-field intensity distribution at 1.55µm. The lines shown are equal power
lines at 20. . . 80 % of the maximum intensity.

The fiber to fiber insertion loss of a 2 cm long waveguide was measured to
be 15 dB with nearly no wavelength dependence from 1200 to 1600 nm. This
value includes the fiber–waveguide coupling losses due to the mode-field mis-
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match, which were calculated to be ∼ 5.5dB per transition. Higher refractive
index changes inside the crossing region are necessary in order to get a bet-
ter confinement and as a result lower coupling losses. The propagation losses
were of the order of 2dB/cm. This is an improvement compared to previous
results obtained for UV-written waveguides in bulk glasses (8.2 dB/cm [122] and
3.3 dB/cm [129], both measured at 633 nm).

With this writing technique it is also possible to realize three-dimensional
waveguide structures. This can be achieved by varying the y-position during the
writing of the second skew waveguide, which yields a change of the x-position
of the crossing region.

5.9. UV-Trimming of arrayed waveguide gratings

In the previous sections the UV-induced refractive index changes were used
for waveguide structuring. In this area the direct UV-writing technique has to
compete with the mature waveguide production techniques using photolithog-
raphy and etching. As the core layer material of such waveguides is mostly
germanium-doped silica it is also possible to induce refractive index changes by
UV-irradiation in such waveguides. The most important applications for this
are UV-written Bragg gratings in integrated optical waveguides [131].

With a homogeneous UV-irradiation of the waveguides it is possible to change
the effective index even after the etching and the cladding layer deposition. This
effect makes the UV-irradiation an ideal choice for a variety of post production
trimming processes. The aim of such a trimming is to improve the character-
istics and as a result the yield of the produced devices. A simple example is an
add/drop-multiplexer based on a Mach-Zehnder interferometer structure. Even
with the high precision production steps involved in the production of such a
device a trimming is necessary [132]. Another examples are the trimming of the
coupling ratio of directional couplers [133,134], the imbalance reduction of 2×2
multi-mode interference couplers [135], the bend-radius reduction of planar
waveguides [136] or the spectral improvement of higher order series coupled
microring resonators [137].

In this section the crosstalk reduction of arrayed waveguide gratings (AWGs)
by means of a post processing UV-irradiation is presented. This work was
performed in cooperation with Jörg Gehler from Alcatel, who was responsible for
the fabrication and the phase error measurements. Results are published in [12].
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5.9.1. Motivation

In Fig. 5.45(a) the schematic waveguide layout of an AWG and the calculated
transmission spectra from one input arm to the 8 output arms are shown. The
basic subcomponents are the two focussing slab regions and the waveguide
grating in between [138, 139].
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Figure 5.45.: Schematic waveguide layout of an AWG and simulated demultiplexing
spectra of a 100 GHz AWG.

Its operation is based on the wavelength dispersion introduced by a constant
length difference ∆L between adjacent waveguides, so that

ϕn(λ) = 2π

λ
L0 +m ·n ·2π (5.10)

with ϕn(λ) as the phase of the n-th waveguide at the wavelength λ, L0 as the
length of the first waveguide and m as an integer. This yields a wavelength-
dependent phase shift and a wavelength-dependent wavefront tilt in the second
focussing slab region. Different wavelengths are now focussed to different points
at the back side of the second focussing slab region, causing the demultiplexing
of a multichannel signal to different output ports, see Fig. 5.45(b).

Over the last few years, AWGs based on planar silica-on-silicon technology
have been developed as optical demultiplexers with channel spacings down
to 1 GHz [140]. Especially for high channel counts AWG demultiplexers are a
competitive solution in comparison with micro-optic bulk gratings, cascaded
interference filters or fiber Bragg gratings. By cascading of two AWG stages a
demultiplexing of over 4000 channels has been reported [141].

Important characteristics of such a device are the insertion loss and the cross-
talk from the neighboring wavelength channels. Whereas insertion losses can
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5.9. UV-Trimming of arrayed waveguide gratings

be compensated by optical amplifiers the crosstalk problem is more difficult to
tackle. Additional filters after the AWG outputs solve this problem but increase
the losses and, more important, the costs. Typical specifications for the crosstalk
are values below -30 dB. Fig. 5.45(b) shows that this is not the case for this
example. The main origin of crosstalk degradation of AWGs are phase errors
of the waveguide grating due to fluctuations of the effective refractive index
[142]. The phase fluctuations can be separated into a fast varying part, which is
responsible for the crosstalk and a slowly varying part, which determines the
chromatic dispersion [143].

Instead of a forming a straight line (the linear phase term is removed) the
phases of the waves after the waveguide grating resemble a curve like the solid
line in Fig. 5.47(a). Several phase compensating techniques including thin-film
heaters [144], a-Si strip loaded grating waveguides [145] or phase compensat-
ing plates [146] have been proposed. However, all these approaches require
additional cleanroom processing steps. Furthermore, thin film heaters require
permanent power consumption and also change the phases of the neighboring
waveguides. Moreover, this compensation technique is polarization dependent
just as the static phase error correction by a-Si strip-loading of grating wave-
guides. Crosstalk reduction by inserting a phase compensating plate is a rather
intricate method and increases the insertion loss.

These disadvantages are avoided if the phase correction is done by using
UV-induced refractive index changes. In [147] the arrayed waveguide region of
an AWG was UV-irradiated by a 248 nm KrF excimer laser through a triangular
mask. As the amount of phase change is proportional to the trimmed length
this added a constant optical path length difference to the grating waveguides
and resulted in a shift of the transmission peak.

For a typical phase correction of 0.5 rad and a trimming length of 250µm a
refractive index change of 5×10−4 is necessary. As such refractive index changes
are also possible without hydrogen loading no photosensitivity enhancement
was necessary. This enables very precise trimming and does not shift the center
wavelength of the device as it would be the case for hydrogen loaded AWGs after
annealing.

5.9.2. Trimming procedure

The initial state of the phase distribution was determined by using Fourier
transform spectroscopy with a low-coherence interferometer [148]. The light of
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5. Direct UV-writing of waveguide structures

a broadband LED in the 1.55µm range and of a 1.3µm laser diode is coupled into
a Mach-Zehnder interferometer (see Fig. 5.46(a)). One arm contains the device
under test whereas in the other arm the optical path length can be changed by
means of a cube-corner mirror mounted on a translation stage. A WDM coupler
after the interferometer separates the two wavelength signals. The interference
of the 1.3µm laser is used for a equidistant triggering of the 1.55µm signal.
By taking the inverse Fourier transform of the individual interferograms the
transfer function of the individual grating waveguides can be obtained. The
measurement and evaluation time was of the order of several minutes. An online
control of the induced phase changes was therefore not possible.
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Figure 5.46.: Experimental setups for measuring the phase distributions and for the UV-
trimming of arrayed waveguide gratings. The inset shows a picture of the
arrayed waveguide section with the UV-spot incident on one waveguide.

The experimental setup used for the UV-trimming of AWGs is similar to the
setup for directly UV-written waveguide structures. In addition to the setup
shown in Fig. 5.2 a mirror with a center hole is used to provide light for a dark
field illumination of the sample surface under focus (see Fig. 5.46(b)). The glass
plate in front of the focussing lens directs a small part of the reflected light from
the sample surface onto a CCD camera. Together with the blue luminescence
caused by the UV-irradiation when focused on a waveguide [68], this enables an
observation of the UV-spot on the sample surface.

The laser beam with a power of 35 mW was focused down to a spot-size
diameter of approximately 10µm. During the trimming process the UV spot was
moved along the waveguides at a speed of 0.5µm/s. The UV-induced refractive
index changes were in the order of 10−3 and therefore the trimming sections
were usually shorter than 150µm. Different sections of grating waveguides
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5.9. UV-Trimming of arrayed waveguide gratings

corresponding to the measured phase errors were gradually trimmed afterwards
and checked by phase measurements. This procedure was repeated until the
desired crosstalk reduction was achieved.

5.9.3. Trimming results

The trimmed AWG was designed for a 200 GHz channel spacing and contained
61 waveguides inside the waveguide grating section. The phase distributions
before and after trimming are shown in Fig. 5.47(a). The fast phase fluctuations
which are responsible for the crosstalk are eliminated. This is also manifested
in the comparison of the transmission characteristics of the AWG before and
after UV trimming given in Fig. 5.47(b). The crosstalk level has been reduced by
about 8 dB to below -35 dB. The residual crosstalk is mainly caused by errors of
the amplitude distribution which is not affected by the trimming process.
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Figure 5.47.: Phase distribution and transmission spectra of the 200 GHz AWG before
and after UV-trimming.

As the UV-induced refractive index change is positive the phase changes
are positive, too. This means that the trimming process is only possible in
one direction. In order to realize a constant phase distribution all waveguide
phases therefore would have to be trimmed to their lowest value. In our case
this would have been waveguide #60 with a value of -1.8 rad. As this is the
outermost waveguide with only a small amount of power in it, its influence on
the transmission characteristics is rather small. Therefore the value of waveguide
#23 was taken as the target for all the other waveguides.

Waveguide #60 was also brought to this value (modulo 2π) by performing a
maximum phase correction of 5 rad. This shows that large phase changes can be
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5. Direct UV-writing of waveguide structures

realized with this technique. Even for this large value, changes of the amplitude
distribution remained within the error of measurement of about 5 %. Thus, no
perceptible additional losses have been introduced. This is in agreement with
the very low losses expected [13, 14] for these small index changes and short
irradiation lengths (about 250µm).

Another important parameter of optical filters for dense wavelength demul-
tiplexing applications is the chromatic dispersion. The Fourier spectrum of
the measured interferogram of the phase measurement procedure contains the
chromatic dispersion as well [149]. Its value had been improved by the trim-
ming process from a value of -0.7 ps/nm to 0.1 ps/nm within the 1 dB window
of the transmission spectrum. This shows that the full complex transmission
characteristic of the AWG had been improved by reducing phase fluctuations of
the grating waveguides.

At the time of this experiment the writing setup did not contain the high-
precision translation stages as presented in section 5.2. A motorized y z-micros-
cope translation stage with a resolution of 0.5µm was used. The positioning of
the UV-spot onto the waveguides was done manually and the trimming could
only be applied on the straight sections of the waveguides. With the translation
setup available now, it would be possible to use the layout file of the AWG,
so that a fully automatic UV-trimming of all waveguides can be achieved. In
combination with wavelength scanning interferometry (section 4.6), which
offers a much shorter measurement time, the implementation of a control loop
would be possible.

Whereas these experiments were only intended as a feasibility check of an UV-
trimming of AWGs, later experiments performed by NTT have shown that this
technique can be applied in a commercial environment. Based on the measured
phase errors a metal amplitude mask was produced where the length of the
exposed waveguides were proportional to the phase compensation values. The
irradiations were performed with an unfocussed ArF excimer laser at 193 nm.
In [150] the results of this approach are presented for a 25 GHz-spaced 60-
channel and a 10 GHz-spaced 160-channel AWG. The same authors have shown
that the irradiation can also be applied on the the slab waveguide region [151]
and the required amplitude mask can be realized by inexpensive tools like a
simple inkjet printer and a copy machine [152]. All these results show that from
a technological point of view a UV-trimming of arrayed waveguide gratings
is feasible. The decision if such a trimming will be applied in a commercial
production line therefore depends on economic issues only.
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5.10. Conclusion

In this chapter the use of UV-induced refractive index changes for the patterning
of waveguide structures was shown. The direct writing technique uses a focussed
UV-laser which is scanned over the waveguide sample. By means of a two axis
translation stage arbitrary waveguide structures can be produced.

Different material systems were tested for their photosensitivity response. In
hydrogen-loaded germanium-doped silica layers UV-induced refractive index
changes up to 10× 10−3 were achieved. In such materials low loss straight
waveguides, S-bends and directional couplers were produced. The direct writing
technique is also suitable for the fabrication of components containing multi-
mode waveguides. As an example 1×2, 1×3 and 1×4 splitters based on multi-
mode interference couplers were produced.

UV-induced refractive index changes were also obtained in germanium-free
material systems. The refractive index changes achieved in non-hydrogen-
loaded, boron-phosphorus-doped cladding layers (up to 9×10−3 ) were even
higher than in the subjacent germanium-doped core layer. The photosensitivity
was found to be dependent on the boron concentration. Based on this finding,
waveguides were realized in an all germanium free layered material system
without any pretreatment.

Large negative refractive index changes (down by −10×10−3 ) were observed
in germanium-doped silica layers deposited by MDECR-PECVD. No presensiti-
zation was necessary. Several experiments were performed in order to explain
these large refractive index changes and waveguides were patterned by writing
of the cladding regions.

The direct writing technique was further used for the fabrication of wave-
guides in bulk glasses. By using a special X-shaped writing geometry buried
channel waveguides were realized.

The UV-induced refractive index changes offer a great potential for post pro-
cessing or trimming of integrated optical components. As an example the
fabrication-induced phase errors of an arrayed waveguide grating have been
reduced using UV-trimming of the individual grating waveguides.
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6. Design and realization of Bragg gratings

The work presented in this chapter was performed within the framework of the
PLATON project funded by the European Commission. The aim of this project
was the realization of integrated optical add/drop-multiplexers (OADM). Low-
dispersion Bragg gratings are key components for such devices.

After an introduction to the required specifications for the Bragg gratings
some design methods and results obtained with them will be presented. The
best results were achieved by using an optimization algorithm. Different Bragg
grating designs for a 100 GHz channel spacing will be shown. Based on the
designs obtained, Bragg gratings were fabricated using a holographic Bragg
grating writing setup which enables full control over the local grating period
and strength. Bragg gratings with and without π-phase shifts were written in
fibers and integrated optical waveguides.

6.1. Introduction

The discovery of the photosensitivity of germanium-doped silica by Hill et
al. in 1978 [32] was the starting point for the research on fiber Bragg gratings
(FBGs). These first gratings only had a limited area of applications at that
time, because the grating period was determined by the writing wavelength. In
addition the refractive index modulation was constant over the grating length.
These drawbacks were avoided by the external writing method proposed by
Meltz et al. in 1989 [33]. With this technique the Bragg wavelength is nearly
independent from the writing wavelength and the local grating period and
strength can be customized along the grating length.

Based on this full freedom for the realization of the spatial grating structure,
fiber Bragg gratings are now used for variety of different applications [153].
Their wavelength-selective transmission and/or reflection properties are used
for instance in wavelength division multiplexers/demultiplexers [132], in fiber
lasers and amplifiers [154], in photonic signal processors [155], as sensor ele-
ments [156] and as compensation elements for chromatic [157] and polarization
mode dispersion [15].
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6.1. Introduction

In all of these applications the Bragg gratings have to fulfill certain spectral
requirements. For the use in lasers the power reflection/transmission spectra
are the most interesting properties. For Bragg gratings in add/drop-multiplexers,
however, the phase characteristics are also of importance, as they determine
the dispersion properties of the final device. The task is to find a spatial grating
structure which fulfills these given requirements. The relations between the
spatial grating structure and the grating response (time and frequency) are
sketched in Fig. 6.1.

- coupled mode equations
- Rouard's method
- transfer matrizes

- Fourier transform
- layer peeling algorithm
- optimization algorithm

grating response

reflection spectrum ( )

impulse response ( )

r

h

�
�

grating structure
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or design

analysis

Figure 6.1.: Relations between spatial grating structure and grating response.

The coupled mode equations governing the properties of waveguide Bragg
gratings have been known for many years [158]. In these equations the prop-
erties of the quasi-periodic grating structure are specified by a spatially vary-
ing complex coupling coefficient κ(z), the absolute value of which describes
the local grating strength while its phase is associated with the local grating
period. Solving these equations yields the transmission and reflection prop-
erties for the grating under consideration. The spectra of Bragg gratings with
arbitrary local grating strength and period can be determined by dividing the
grating into sections with constant grating strength and period. Each of these
sections is described by a transfer matrix of a uniform grating and the trans-
fer matrix of the full structure is the product of all individual matrices, see
eq. (2.25). From this matrix the transmission, reflection, group delay and chro-
matic dispersion in transmission and from both reflection sides can be calcu-
lated.
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6. Design and realization of Bragg gratings

It is also well-known how to tackle the inverse problem of finding the neces-
sary κ(z) for a prescribed complex reflection factor r (ν): it is solved by using
inverse scattering algorithms. A review of existing methods is given in [159]. The
layer-peeling algorithm is one of the best suited methods and a brief introduc-
tion will be presented in section 6.3.

6.2. Bragg gratings for add/drop-multiplexer

One important application area for Bragg gratings are add/drop-multiplexers.
In contrast to demultiplexers, like, for instance, arrayed waveguide gratings (see
section 5.9), one or several wavelength channels are dropped from the transmis-
sion link. In addition the same wavelength channels can also be added to the
data stream, see Fig. 6.2(a). This functionality makes an add/drop-multiplexer
perfectly suited for its use in modern telecommunication networks. Such a
device was already proposed in the introductory paper of integrated optics in
1969 [30].
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Figure 6.2.: Network function of an add/drop-multiplexer and schematic realization
based on a Mach-Zehnder interferometer. The device is symmetric with
respect to the dashed line.

One realization of an add/drop-multiplexer is shown in Fig. 6.2(b) [132]. It
consist of a Mach-Zehnder interferometer with two identical Bragg gratings
written into the two interferometer arms. The four ports are usually labeled
as follows; port 1©: input, port 2©: drop, port 3©: add, port 4©: output. For all
wavelengths outside the reflection bandwidth of the gratings this device acts as a
Mach-Zehnder interferometer. If the interferometer arms are properly balanced
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6.2. Bragg gratings for add/drop-multiplexer

all the power of these wavelengths is transmitted to the output port and no
light will emerge from the add port. For the wavelengths inside the reflection
bandwidth of the gratings this device resembles a Michelson interferometer. If
the phase difference between the reflected waves at the first coupler is properly
adjusted, all the reflected power from the gratings emerges at the drop port. The
device is symmetric to the dashed line, so the same functionality is provided
from the add to the output port and enables an adding of wavelength channels
to an existing data stream.

The systems specifications for a Mach-Zehnder interferometer-based add/drop-
multiplexer, suitable for a 10 Gbit/s WDM system with a 100 GHz channel spac-
ing, were given by ALCATEL [160]. The parts related to the Bragg gratings required
are shown in Fig. 6.3.

Three different spectral regions with respect to the Bragg wavelength are
defined in the specifications. In the range of ±10GHz = ±0.16nm centered
around the Bragg wavelength the following specifications are valid:

• transmission below -40 dB

• reflection higher than -0.5 dB

• chromatic dispersion in reflection lower than ±15ps/nm.

In the ranges more than ±75GHz =±0.6nm away from the Bragg wavelength
the following specifications are valid:

• transmission higher than -0.5 dB

• reflection below -25 dB

• chromatic dispersion in transmission lower than ±15ps/nm.

In the wavelength ranges in between no specifications are given. The design
algorithms are therefore free to distribute the corresponding spectra in these
wavelength ranges. It should also be noted that the specifications are only given
in terms of better than relations, so that every value below is allowed. As it will be
shown later, this freedom of design is the main advantage for the optimization
based Bragg grating design.
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Figure 6.3.: Spectral specifications for the Bragg gratings used in a 100 GHz channel
spacing OADM [160]. The gray areas represent the forbidden zones.

6.3. Bragg grating design by layer-peeling algorithm

Several approaches exist for the design or synthesis of Bragg gratings. A review
of the different methods is given in [159]. The most widely used algorithms
are the differential methods and in particular the layer-peeling algorithm. It is
based on causality arguments and identifies the grating structure recursively
layer by layer. A first practical implementation of this principle for the design
and reconstruction of Bragg gratings was reported in [73].

6.3.1. Commercial Bragg grating design program

The first attempt to design the required Bragg gratings was done by using a
commercial Bragg grating design program [161] based on the so called layer-
peeling algorithm [73]. This program needs a complex reflection or transmission
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6.3. Bragg grating design by layer-peeling algorithm

spectrum as input and calculates the corresponding grating structure. Whereas
this is the ideal approach for the reconstruction of Bragg gratings profiles from
measured data, it has some disadvantages for the design of Bragg gratings.

The layer-peeling algorithm provides a unambiguous relation between the
complex spectra and the grating structure. As the specifications are given with
better than relations, there exist an infinite number of spectra – all of them
within the specifications – which can be used as the input spectra. Each of them
will result in a different corresponding grating structure, but some of them will
be easier to implement than the other. In addition, the spectrum has to be
defined at all wavelengths, even in regions where no specifications are given.
This reduces design freedom, which is required in other spectral regions, where
the specifications are hard to meet.

In Fig. 6.4 the input spectrum, which was used for the following reconstruc-
tion, is shown. For the reflection a super gaussian shape was chosen, whereas
the chromatic dispersion in reflection was given as zero over the full wavelength
range. The maximum reflection value was calculated in such a way that the
-40 dB in transmission are reached.
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Figure 6.4.: Reflection and chromatic dispersion in reflection as input for the layer-
peeling algorithm. The gray areas represent the forbidden zones.

Fig. 6.5(a) shows the result of the inverse scattering solver.The length of the
grating was fixed to 30 mm by using the option provided to window the resulting
grating structure. In order to test the design obtained the corresponding reflec-
tion and transmission spectra were calculated using the transfer matrix method.
The reflection/transmission and chromatic dispersion spectra are shown in
Fig. 6.5(b)–(f).
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tion from the left side
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Figure 6.5.: Reconstructed Bragg grating structure κ(z) and corresponding transmis-
sion/reflection/chromatic dispersion spectra. The gray areas represent the
forbidden zones.
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6.3. Bragg grating design by layer-peeling algorithm

The calculated power reflection spectrum (Fig. 6.5(b)) coincides with the in-
put spectrum (Fig. 6.4(a)), so that the reflection and transmission specifications
are fulfilled. The situation for the chromatic dispersion, however, is different.
The calculated chromatic dispersion in reflection is not zero over the full wave-
length range. This discrepancy to the input spectrum is based on the fact that
the complex input spectrum did not belong to a realizable grating. Nevertheless
the chromatic dispersion in reflection from the left side only has values within
±1.5ps/nm over the required wavelength range, so that the specifications are
fulfilled there. This is not the case for the chromatic dispersion in transmission,
where the resulting spectra are exceeding the specifications in a small wave-
length range near the edges of the grating stop band. The situation is even worse
for the chromatic dispersion in reflection from the right side of the grating. The
specifications are missed here by several orders of magnitude. The reason for
the different chromatic dispersion curves from both sides of the grating is the
asymmetric spatial structure of the grating.

With the approach described so far, it was not possible to design Bragg grat-
ings, which fulfill the specifications from both sides. In the next section an
algorithm will be presented, which solves this problem.

6.3.2. Spectrally assisted layer-peeling algorithm

It was shown in the previous section, that it was not possible to design Bragg
gratings which fulfill the given specifications from both sides.The requirement
that the specifications are fulfilled from both sides of the Bragg grating is auto-
matically fulfilled for spatially symmetric grating profiles. As the layer-peeling
algorithm is a unique relation between grating spectrum and grating profile
it can only yield a spatially symmetric grating profile if the grating spectrum
belongs to such a grating structure.

In this section an algorithm for the determination of spatially symmetric
grating structures by a layer-peeling algorithm will be presented [16]. The
first step is the creation of a spectrum, which belongs to such a grating. This
calculated spectrum is then the starting point for the layer peeling algorithm.
In contrast to other design methods for spatially symmetric Bragg gratings like
optimization algorithms (see section 6.4) this method is very fast, because there
is no need to solve the coupled mode equations in every iteration step.

In general, a single-mode waveguide Bragg grating is a 2-port device which
can be characterized by four scattering parameters S11, S12, S21, and S22 each of
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6. Design and realization of Bragg gratings

which is a complex function of the optical frequency. Reciprocity and lossless-
ness reduce the number of independent parameters and further restrictions are
due to causality and minimum-phase considerations. The final result [162, 163]
yields simple general relations for the absolute values |Si k |

|S11| = |S22|, S12 = S21, |S12| =
√

1−|S11|2 (6.1)

and their phase angles Φi k , the latter becoming particularly simple in the case
of spatially symmetric gratings which are considered here:

Φ11 =Φ22 =−π

2
− 1

2
H

{
ln(1−|S11|2)

}
, Φ12 =Φ11 . (6.2)

H denotes the Hilbert transform. These equations show that for spatially sym-
metric Bragg gratings the power transmission already determines the phase
characteristics and in addition that the group delays in reflection and transmis-
sion are the same.

On these grounds the design procedure looks like this: First, the target speci-
fications must be fixed. An example is given in Fig. 6.3 where the non-desired
(forbidden) ranges of parameters are marked gray. For the starting solution
the Fourier approximation eq. (2.26) between grating spectrum and structure
was used. Using the coupling coefficient obtained the power transmission is
calculated by the transfer matrix method. From this power transmission the
chromatic dispersion in reflection is calculated using eq. (6.2). The spectral
characteristics obtained are then compared with the given specifications and
an overall error value χ2 is calculated.

χ2 =
M∑

i=1

(
P ′ −P

)2 ·Q (6.3)

The vector P ′ = [R ′(λ),T ′(λ),D ′
R (λ)] contains the spectral specifications (power

reflection, power transmission, chromatic dispersion in reflection), whereas P =
[R(λ),T (λ),DR (λ)] contains the corresponding values of the calculated spectra.
The squared difference between these two vectors is weighted by the elements
qi of the vector Q. For different properties different weighting coefficients qi

are used. In particular the spectral regions where no specifications are given
are not weighted at all and the weighting coefficients are also set to zero if
the calculated spectra is already lower than the required specifications at that
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6.3. Bragg grating design by layer-peeling algorithm

spectral position. The error value χ2 is then minimized using built-in MATLAB
optimization functions (lsqnonlin [164]).

An example of such an optimization run is shown in Fig. 6.6 which was ob-
tained in less than 30 s. The specifications in reflection and transmission are
fully fulfilled. For the chromatic dispersion there remained a small wavelength
range near the edges of the grating stop band, where the specifications are
slightly missed.
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(d) Chromatic dispersion

Figure 6.6.: Designed transmission/reflection/chromatic dispersion spectra as input for
the layer-peeling algorithm. The gray areas represent the forbidden zones.

After having determined the spectral properties which meet the requirements,
the spatial structure κ(z) of the grating is determined by using a single run of a
layer-peeling algorithm1. The resulting grating structure for the above example
is shown in Fig. 6.7(a). The grating length was fixed to 30 mm by windowing the
resulting grating structure with a Hanning window.

1programmed by Sven Kieckbusch using [73]
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6. Design and realization of Bragg gratings
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(d) Chromatic dispersion in trans-
mission
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(e) Chromatic dispersion in reflec-
tion from the left side
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(f) Chromatic dispersion in reflec-
tion from the right side

Figure 6.7.: Reconstructed Bragg grating structure κ(z) for the spectra given in Fig. 6.6
and corresponding transmission/reflection/chromatic dispersion spectra.
The gray areas represent the forbidden zones.
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6.4. Bragg grating design by optimization algorithm

In order to verify the design obtained, the corresponding reflection and trans-
mission spectra were calculated using the transfer matrix method. The result-
ing reflection/transmission and chromatic dispersion spectra are shown in
Fig. 6.7(b)–(f).

The grating profile obtained is spatially symmetric. This is also manifested
by the fact that the chromatic dispersion curves in transmission and reflection
are the same. As expected from the input spectra all specifications, with the
exception of the chromatic dispersion in transmission near the edges of the
grating stop band, are fulfilled. The slight deviations of the calculated spectra
from the given input spectra are caused by the necessary windowing of the
coupling coefficient. This problem could be avoided if the design of the input
spectra already takes into account the realizability with a finite grating length.
Such a design procedure is given in [165].

In conclusion it was shown that by proper choice of the input spectra spatially
symmetric Bragg gratings can be designed by the layer-peeling algorithm. With
such grating structures given specifications can be fulfilled from both sides of
the grating. There remains, however, the question, if the designs obtained can
be realized by the available Bragg grating setup. How such additional constraints
can be taken into account will be shown in the next section.

6.4. Bragg grating design by optimization algorithm

In this section a Bragg grating design algorithm will be presented which enables
the full consideration of constraints imposed by the Bragg grating writing facility
used. Examples for such constraints are maximum grating length, capability
of realizing π-phase shifts and maximum spatial frequencies for the coupling
coefficient.

6.4.1. Algorithm

The design procedure used is based on optimization algorithms [166, 167]. Start-
ing from a initial guess of the coupling coefficient κ(z) the transfer matrix
method is used to calculate the transfer matrix of the full grating. From the
transfer matrix the transmission, reflection, group delay and chromatic disper-
sion in transmission and from both reflection sides are obtained. Like in the
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6. Design and realization of Bragg gratings

previous section the spectral characteristics obtained are compared with the
given specifications and an overall error value χ2 is calculated.

χ2 =
M∑

i=1

(
P ′ −P

)2 ·Q (6.4)

The vectors P ′ and P are expanded compared to the previous section. P ′ =
[R ′(λ),T ′(λ),D ′

T (λ),D ′
R1(λ),D ′

R2(λ)] contains the spectral specifications (power
reflection, power transmission, chromatic dispersion in transmission, chromatic
dispersion in reflection from the left side, chromatic dispersion in reflection
from the right side) and P the corresponding values of the calculated spectra.
The weighting coefficients qi are used in the same fashion as in the previous
section. In this work a nonlinear least square algorithm (lsqnonlin [164]) and a
differential evolution algorithm (devec3 [168]) were used to minimize χ2. Only
unchirped gratings were considered, so that the complex value κ(z) can be
reduced to a real value. The negative values for κ(z) are realized later on with
π-phase shifts.

As it was pointed out in the previous sections, it is absolutely necessary that
the specifications are fulfilled from both sides. The easiest way to achieve this
is to consider spatially symmetric gratings only, because this results in equal
reflection properties of the gratings from both sides. For this special case also
the group delays and chromatic dispersions in reflection and transmission are
the same. Therefore only a single chromatic dispersion curve is shown in the
following figures.

In the early design stages it was found that for good design results (especially
for the chromatic dispersion) the length of the individual grating sections has
to be in the order of 100µm. As the grating length will be of the order of several
millimeters this results in a large number of unknown values to be optimized
and yields long computation times. This drawback was avoided by using longer
grating sections and using cubic splines for the intermediate values. By using
this approach and taking advantage of the demanded spatial symmetry of the
coupling coefficient (only one half of the grating structure has to be designed)
the number of values to be optimized could be dramatically reduced. In order
to find a decent starting solution for the optimization algorithm once again the
Fourier approximation between coupling coefficient and reflection spectrum
eq. (2.26) was used.
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6.4. Bragg grating design by optimization algorithm

The constraints which can be taken into account are the grating length, ex-
istence of π-phase shifts, maximum values and maximum spatial frequencies
for the coupling coefficient. This enables the design of Bragg gratings which
are fully adapted to the material systems and writing facility used. Through
the choice of the weighting factors qi certain spectral characteristics can be
emphasized.

6.4.2. Designs

Based on the algorithm presented, Bragg gratings for use inside a MZI-based
OADM were designed. The main focus was put on a design for a 100 GHz channel
spacing, for which the spectral requirements are shown in Fig. 6.3. Calculations
for a 50 GHz channel spacing and a 400 GHz waveband filter were also per-
formed, but the results will not be presented here. As all designs are spatially
symmetric, the chromatic dispersion spectra in transmission and reflection are
the same. Therefore only one curve is shown for the chromatic dispersion.

The first design runs were based on the maximum allowed length for the
Bragg gratings, which was fixed to 30 mm [160]. Fig. 6.8 shows a design obtained
which fulfills all specifications. The impression that at several locations the
specifications are not fulfilled is caused by the linewidth used to display the
spectra. By zooming into the problematic sections it was made sure that the
spectral curves are always inside the white areas. This statement is valid for all
the designs presented in this section.

The margins for the reflection spectra are quite high, whereas this is not
the case for the required width of the transmission dip and for the chromatic
dispersion in transmission. As the amplitude and phase characteristics of Bragg
gratings are related to each other, it is not possible to improve one characteristic
without affecting the other. By a proper choice of the different weighting factors
qi , a tradeoff has to be found. It should be noted that even for grating lengths
up to 100 mm no significant improvement could be achieved.

Such long grating designs require that the waveguide properties are constant
over the full grating length. Whereas this is no problem for fibers, it can impose
a problem for etched channel waveguides. In addition, phase masks longer than
25 mm are quite expensive. Shorter grating designs are therefore preferable.
Since the amplitudes of κ(z) outside the cental part of Fig. 6.8(a) are quite low, a
shorter design seems to be possible.
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(d) Chromatic dispersion

Figure 6.8.: 30 mm long Bragg grating design κ(z) for a 100 GHz channel spacing and
corresponding transmission/reflection/chromatic dispersion spectra.

As the available phase mask for the realization of the designed gratings only
had a length of 15 mm, the following designs were based on this practical limita-
tion. The length was further restricted to 13 mm in order to avoid the outermost
sections of the phase mask. Fig. 6.9 shows such a design, which still fulfils
all specifications. In comparison to the result obtained for the longer grating
length, the grating strength required is slightly higher and more importantly
the margins are smaller. Whereas for the 30 mm long design the dispersion in
reflection stays within ±4ps/nm, this value is increased to ±14ps/nm for the
13 mm long design.

As already mentioned earlier, in most of the published papers about Bragg
grating design the chromatic dispersion in transmission was not taken into ac-
count. Using the algorithm presented this omission can easily be implemented
by setting the corresponding weighting factor qi to zero. Such a design is shown
in Fig. 6.10.
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6.4. Bragg grating design by optimization algorithm
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(d) Chromatic dispersion

Figure 6.9.: 13 mm long Bragg grating design κ(z) for a 100 GHz channel spacing and
corresponding transmission/reflection/chromatic dispersion spectra.

This limited set of specifications enables a design with greater margins regard-
ing all remaining specifications. The width of the transmission curve at -40 dB is
increased to 0.5 nm, all neighboring wavelength channels are suppressed by at
least -40 dB and the chromatic dispersion inside the reflection band is smaller
than ±0.5ps/nm. However, the grating strength required is about 50 % higher
than in the previous design.

Further discussions with systems designers are necessary in order to find out
how detrimental the higher values for the chromatic dispersion in transmission
within the small affected spectral range are for the whole system. Certainly a
compromise between system aspects and grating writing capability has to be
found.

All the grating designs presented so far require the incorporation of π-phase
shifts in order to realize the negative values for κ(z). Depending on the level of
sophistication of the Bragg grating writing setup used, π-phase shifts are difficult
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(d) Chromatic dispersion

Figure 6.10.: 13 mm long Bragg grating design κ(z) for a 100 GHz channel spacing and
corresponding transmission/reflection/chromatic dispersion spectra. For
this design the specifications for the chromatic dispersion in transmission
were not taken into account.

to realize or not realizable at all. It is therefore interesting to know, to what
extend the specifications can be fulfilled without π-phase shifts. Whereas such
a constraint-based grating design is not possible with the current layer peeling
algorithms, this can easily be incorporated into the developed optimization
algorithm. The result of a design run, where only positive κ(z) values were
allowed, is shown in Fig. 6.11. Due to the omission of the π-phase shifts the
necessary length could be further reduced to 7 mm.

The transmission and reflection characteristics are not strongly affected by
this constraint. However, the situation is different for the chromatic dispersion,
where now both the specifications in transmission and reflection are slightly
missed. The comparison of grating designs with and without π-phase shifts
yields that the incorporation of phase shifts enable additional degrees of free-
dom for the shaping of the dispersion curves. Bragg gratings without π-phase
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6.4. Bragg grating design by optimization algorithm
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Figure 6.11.: 7 mm long Bragg grating design κ(z) with no π-phase shifts for a 100 GHz
channel spacing and corresponding transmission/reflection/chromatic
dispersion spectra. This design represents the best achieved compromise
regarding the dispersion in transmission and reflection.

shifts, however, are easier to fabricate. Further discussions with systems design-
ers will have to show if the values reached for such gratings are still sufficient for
deployment.

Also other constraints imposed by the writing setup used can be taken into
account by using the optimization algorithm developed. The width of the writing
beam, which limits the maximum spatial frequencies of the grating structure, is
implemented by an averaging of κ(z). By setting a limit for the modulus of κ(z)
the finite photosensitivity of the material system used is accounted for.
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6. Design and realization of Bragg gratings

6.5. Writing setup

The writing setup used for the fabrication of the Bragg gratings presented in this
thesis is sketched in Fig. 6.12. The arrangement is based on the combination of
two-beam interferometry with phase mask technique and differential optical
phase-shifting [169]. A detailed description of the whole setup is given in [80].

Rochon prism fiber

phase maskphase
shifter

(a) Schematic setup of the holographic Bragg grat-
ing writing setup

��

��

(b) Detailed arrangement of
the phase shifter

Figure 6.12.: Holographic Bragg grating writing setup used [80].

The writing system is basically a Sagnac interferometer with additional po-
larization rotating/splitting and phase shifting components. The fiber to be
illuminated and the beam-splitting phase mask are mounted on a common
translation stage. This enables the fabrication of Bragg gratings up to the length
of the phase mask used. All the other components shown in Fig. 6.12(a) are fixed
in their position.

The incident vertically polarized UV laser beam is diffracted by the phase
mask. The 1st order diffracted beams then pass through their respective Rochon
prism. Inside the phase shifter the polarization of the beams is rotated by 90 ◦.
This results in a deflection of the beams at the second Rochon prism. By this
means the requirement of a spatial separation between the interference pattern
and the phase mask is fulfilled.

The phase shifter (see Fig. 6.12(b)) consists of two crossed quarter-wave plates
with a motorized rotating half-wave plate in between. This arrangement intro-
duces a phase delay for the transmitted waves which depends on the angular
position of the half-wave plate and on the propagation direction: Φ+/2 =−Φ−/2.
This enables the setting of a variable and reset-free phase difference between
the two counter-propagating waves: Φ=Φ+/2−Φ−/2 = 4Θ, where Θ denotes
the rotation angle of the half wave plate.
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6.6. Realization in fibers

The capability provided by the phase shifter is used for three different pur-
poses:

Windowing of the coupling coefficient κ(z) By applying a rapidly alternat-
ing angular movement of the half-wave plate a reduced contrast of the
UV-induced refractive index modulation inside the fiber can be achieved.
This enables a windowing of κ(z) while keeping the effective index con-
stant. A special case of this capability is the introduction of π-phase shifts
along the grating length, which enables the realization of κ(z) with nega-
tive values even if only positive refractive index changes can be achieved.
Examples for the windowing of κ(z) and the introduction of π-phase shifts
can be found in sections 6.6.1 and 6.6.2.

Bragg wavelength shift and chirp By choosing a constant rotation of the
half-wave plate it is possible to realize a refractive index modulation other
than given by the phase mask and still obtain a full contrast of the index
modulation. Gratings with a Bragg wavelength shift of ±28nm have been
fabricated this way (see section 8.4.2 in [80]). If the angular speed of
the half-wave plate is varied during the writing process, chirped Bragg
gratings can be realized.

Correction of errors due to the translation stage The pitch error of the trans-
lation stage yields a non-constant phase of the coupling coefficient. As this
error is of a systematic nature, it can be compensated by a proper rotation
sequence of the phase shifter. Examples of obtained κ(z) distributions
with and without this phase correction are given in [169].

A GF4AA fiber from NUFERN and etched channel waveguides in material
system A1 were used for all of the following writing experiments. In order to
enhance the photosensitivity the fibers and planar waveguide samples were
hydrogen loaded at 300 bar and room temperature for at least 10 days.

6.6. Realization in fibers

In [80] it was already shown that Bragg gratings with complex κ(z) distributions
can be realized with the above mentioned setup. However the grating strength
was always kept quite low (3. . . 12 dB) in these experiments. In order to check the
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6. Design and realization of Bragg gratings

performance of the writing setup, Bragg gratings with identical grating profiles
and decreasing writing velocity (corresponding to increasing writing fluence)
were fabricated. Whenever it was possible to reconstruct the written grating
profiles (using OFDR and an inverse scattering solver, see section 4.7), they were
compared with the design.

Fibers were chosen for this task because of their high homogeneity of the
refractive index distribution (important for the effective index of the fundamen-
tal mode) and of the photosensitivity. Any deviations of the obtained coupling
coefficient distributions from the intended design are therefore caused by the
writing facility. In addition the available fibers have already been proven to be
highly photosensitive. UV-induced refractive index changes up to 16×10−3

and an almost linear relation between fluence and index change up to 8×10−3

have been measured for the fiber used [62, 170]. However these experiments
were performed with a fringeless UV-exposure so that changes of the mean
refractive index were measured. It will be shown in the next sections that such
large values can also be obtained in combination with a high contrast of the
index modulation.

6.6.1. Bragg gratings without π-phase shifts

Based on an early design for Bragg gratings without phase shifts (similar to
the one shown in Fig. 6.11) a series of Bragg gratings were fabricated. The
writing velocities v used were 7/3.5/2/1/0.75/0.5/0.25 mm/min, respectively.
The corresponding transmission and reflection spectra are presented in Fig. 6.13.
The spectrum for the 2 mm/min grating is not shown because of a malfunction
of the control program towards the end of the writing process. Strong gratings
could be easily fabricated. In the case of 0.25 mm/min writing velocity the
minimum transmission was appreciably below -80 dB, which is even beyond
the dynamic range of our measurement setup (tuneable laser source with low
source spontaneous emission and power meter).

Only the three fastest written gratings were weak enough for reconstruction
of the spatial grating structure. Their reconstructed coupling coefficients and
the design are shown in Fig. 6.14(a). The high peak towards the end of the
2 mm/min grating was caused by the aforementioned malfunction. Whereas
out of normal transmission or reflection spectra, no useful information can be
obtained from such gratings, ODFR followed by an inverse scattering algorithm
can still determine the spatial grating structure. To compare the grating shapes
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(f) v = 0.25mm/min

Figure 6.13.: Transmission and reflection spectra (solid/dashed line) of UV-written fiber
Bragg gratings realized with different writing velocities (v = 2mm/min
omitted).

a normalized representation is given in Fig. 6.14(b). This shows that the required
grating shape can be realized.

In order to test if the required values for the coupling coefficient can be
achieved with the fiber and writing setup used, the grating strength of the
written Bragg gratings was determined. For the weak and moderate gratings
the reconstructed values from Fig. 6.14(a) were used. The grating strengths
of the stronger gratings were obtained by a visual best fit (taking into account
transmission depth and 3 dB reflection bandwidth) of the measured spectra
and a grating calculation with a linear scaling of the reconstructed 3.5 mm/min
profile. These values yielded a linear dependence relation between writing
fluence and the coupling coefficient up to the maximum value of κ∼ 4000m−1,
corresponding in an UV-induced refractive index modulation of δnG ≈±4×10−3.
Therefore, no saturation effects have to be taken into account for the realization
of the intended Bragg gratings. These experiments have shown that the required
grating shapes and values for κ(z) can be achieved in hydrogen-loaded GF4AA
fibers with the holographic writing setup used.
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Figure 6.14.: Comparison of reconstructed grating profiles without π-phase shifts with
the intended design.

In Fig. 6.15 the measured spectral characteristics of a 7 mm long Bragg grat-
ing with no π-phase shifts are shown in combination with the specifications.
This grating was written with a scanning velocity of 0.5 mm/min and was best
in terms of fulfilling the specifications. For an easier comparison of the mea-
sured spectra with the specifications and the design, the Bragg wavelength was
manually aligned to a full nanometer value.

A good agreement of the measured spectra with the design (Fig. 6.11) was
obtained. The grating is stronger, and due to this also broader, than required.
Nevertheless most of the specifications are fulfilled. The transmission specifica-
tions are completely satisfied. In reflection the required suppression of -25 dB
was not fully achieved, especially on the short wavelength side. As expected
from the design section the chromatic dispersion specifications are only par-
tially fulfilled. The most problematic characteristic is the chromatic dispersion
in transmission near the edges of the grating stop band, where the specifications
are exceeded by a factor of 10. No chromatic dispersion values in transmission
are shown around the Bragg wavelength, as there is nearly no transmitted power.
The chromatic dispersion in reflection is only a factor of two too high and, apart
from the ripples, according to the design.

The fact that the two chromatic dispersion spectra from both sides of the
grating nearly coincide proves that the the grating structure is spatially sym-
metric. The origin of the observed ripples is not known at the moment. As the
chromatic dispersion is calculated by a differentiation of the measured group
delay values small ripples (as shown in Fig. 4.7(a) for a SMF patch cord) can
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Figure 6.15.: Transmission/reflection and chromatic dispersion spectra of a 7 mm long
Bragg grating without π-phase shifts. The gray regions denote violations of
the system specifications.

already have a significant impact on the chromatic dispersion values. It can,
however, not be excluded that the ripples are caused by the grating structure,
too. The periodicity corresponds to a Fabry-Pérot resonator of 1.6 cm in glass,
but no such resonator could be found in the measurement setup used.

In conclusion it can be stated that high-quality fiber Bragg gratings can be
fabricated. The required specifications can mostly be fulfilled, even without the
need of π-phase shifts.

6.6.2. Bragg gratings with π-phase shifts

It was shown in section 6.4.2 that by incorporating π-phase shifts into the cou-
pling coefficient the dispersion characteristics of Bragg gratings can be improved.
The writing setup introduced in section 6.5 is able to realize such structures.
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6. Design and realization of Bragg gratings

As was the case for the gratings without π-phase shifts, first a series of weak
gratings was written in order to compare the realized profiles with the design.
This comparison showed that the writing setup used is capable to realize the
required complicated grating profiles very closely. Based on these experiences
Bragg gratings with the required grating strength were written into hydrogen-
loaded GF4AA fibers.
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Figure 6.16.: Transmission/reflection and chromatic dispersion spectra of a 13 mm long
Bragg grating with π-phase shifts. The gray regions denote violations of the
system specifications.

The measured spectral characteristics of the best realized Bragg grating with
π-phase shifts are shown in Fig. 6.16. The grating is 13 mm long, was written with
a scanning velocity of 0.25 mm/min and was realized according to the design in
Fig. 6.9. For the display here, the Bragg wavelength was again manually aligned
to a full nanometer value.

This grating is also stronger than required. The transmission and reflection
properties are slightly better compared to the grating in Fig. 6.15 and fulfill most
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6.7. Realization in channel waveguides

of the specifications. On the short wavelength side the required suppression in
reflection of -25 dB was slightly missed. Contrary to the design, the chromatic
dispersion properties of this Bragg grating are worse compared to the results
shown in Fig. 6.15 for a grating with no π-phase shifts. In addition, the chromatic
dispersion curves from both sides are different here. The intended spatial
symmetry is therefore not fulfilled for this grating. Once again no chromatic
dispersion values in transmission are shown around the Bragg wavelength, as
there is nearly no transmitted power.

In conclusion it an be stated that the advantages offered by the incorporation
of π-phase shifts could not be transferred from the design to the fabrication so
far. More work is needed in order to improve the quality of strong Bragg gratings
with π-phase shifts.

6.7. Realization in channel waveguides

In the previous sections it was shown that the holographic writing setup used is
capable of writing high quality Bragg gratings in fibers. The next step was the re-
alization of such gratings in planar waveguide structures. The planar waveguide
samples were etched channel waveguides in silica-on-silicon (material system
A1, see appendix D and Fig. 5.3(a)).

In some earlier work it was already shown that strong Bragg gratings can
be fabricated inside etched channel waveguides by the scanning phase mask
technique [133, 171]. The detection of the grating strength was limited by the
dynamic range of the equipment then in use, but transmission dips in excess of
-25 dB for 10 mm long uniform Bragg gratings have been achieved. As no OFDR
setup in connection with an inverse scattering algorithm was available at that
time, no information about the spatial structure of the Bragg gratings written
could be obtained.

A comparison between UV-written Bragg gratings in a fiber and in an etched
channel waveguide is given in Fig. 6.17. Both gratings have about the same
transmission dip, but from a comparison of the writing velocities used it follows
that the planar waveguide material has a lower photosensitivity. A ten-fold
increase of the writing fluence is necessary in order to reach the same grating
strength.

One way to increase the writing fluence is a lower scanning velocity. By
writing point gratings (the translation stage is not moved, yielding grating struc-
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6. Design and realization of Bragg gratings
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v = 0.5mm/min

Figure 6.17.: Transmission/reflection spectra (solid/dashed line) of Bragg gratings writ-
ten in a fiber and an etched channel waveguide. The higher floor in the
reflection measurement of the etched channel waveguide is caused by the
fiber–waveguide transition and not by the Bragg grating.

tures of the size of the static interference pattern) maximum values for κ(z) of
∼ 4000m−1 were achieved. However, an irradiation time of about 1000 s was
necessary. In order to achieve the required grating strength (-40 dB transmission
dip) writing times of more than 3 h would be necessary for the 7 mm long Bragg
grating design. As two identical gratings have to be fabricated, this is not a
practical approach because of the outdiffusion of the hydrogen. Increasing the
writing fluence by increasing the power density is not possible because of the
damage threshold of the Rochon prism used in the writing setup.

Within the framework of the PLATON project Bragg gratings were also written
in the same material system at the Institute for Physical High Technology, Jena
(IPHT) and Institute for Systems and Computer Engineering of Porto (INESC).
In both setups no damage endangered components were present, so that higher
power densities could be used. Bragg gratings with a transmission dip of more
than -40 dB were realized with the design shown in Fig. 6.11 [172].

As both gratings presented in Fig. 6.17 were rather weak, it was possible to
reconstruct the spatial grating structure. Modulus and phase of κ(z) for both
gratings are compared in Fig. 6.18. The flat curves for the phase distributions
indicate that both the effective index of the fundamental mode of the pristine
waveguides and the mean UV-induced refractive index increases in both wave-
guides were constant along the grating location (-3 to 3 mm). The comparison of
the local grating strength revealed that the fiber grating profile has the intended
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6.7. Realization in channel waveguides

shape but the channel grating waveguide profile is spatially structured. The
periodicity is not related to any moving part of the setup used. Such a spatial
structuring was present for all Bragg gratings written in etched channel wave-
guides within the framework of this thesis, however, the shape of the structuring
differed between the samples.
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Figure 6.18.: Comparison of reconstructed grating profiles (modulus and phase) in a
fiber and an etched channel waveguide.

For the weak gratings shown the consequences of a spatially structured cou-
pling coefficient are not visible. Fig. 6.19 shows the calculated transmission and
reflection spectra of the fiber and the channel waveguide grating when their
coupling coefficient is linearly scaled by a factor of 5.5. The most prominent
differences are the transmission depth and the out-of-band rejection, which
is lower than 10 dB for the grating inside the etched channel waveguide. This
low out-of-band rejection was also experimentally observed in the strong grat-
ings fabricated by INESC and IPHT and limited the performance of the final
OADM.

All of the gratings presented so far were written with a frequency-doubled
argon ion laser. In Fig. 6.20 the measured transmission/reflection spectra and
the reconstructed coupling coefficient of a Bragg grating written in the same
material system but with a 193 nm excimer laser 2 are shown. No significant
spatial structuring of the coupling coefficient was observed. The writing setup
used for this experiment, however, was limited to fabrication of uniform Bragg
gratings. No grating structures according to the designs from section 6.4.2 could
be realized with it.

2Bragg grating writing performed by Vincent Beugin (Université des Sciences et Technologies de
Lille)
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6. Design and realization of Bragg gratings
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Figure 6.19.: Simulated transmission and reflection spectra (solid/dashed line) for the
scaled reconstructed grating profiles of Fig. 6.18.
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Figure 6.20.: Transmission/reflection spectra (solid/dashed line) and reconstructed cou-
pling coefficient of a Bragg grating written with a 193 nm excimer laser into
an etched channel waveguide.

The reason for the spatial structuring is still unknown at the moment. One
origin could be the interference of back-reflected light from the silicon substrate
with the incident light, in connection with variations of the optical thickness of
the buffer/core/cladding layer. One possibility to inhibit this interference is the
use of a short coherence length laser, as done for the grating shown in Fig. 6.20.
However, with a value of 100. . . 200µm the coherence length of the laser used is
still larger than the propagation difference of the interfering waves (2×15µm
in silica). A second possibility to prevent the aforementioned interference is
reported in [173]. By placing the waveguide sample at a 4 ◦ angle with respect to
the phase mask and using a tightly focussed laser beam, interference between
the incident and back-reflected waves was avoided. This method, however,
requires a specially designed phase mask, where the interference pattern is
located at a given working distance behind the mask.
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6.8. Conclusion

6.8. Conclusion

In this chapter three different approaches for the design of low chromatic dis-
persion Bragg gratings were presented. With the commercial Bragg grating
design program it was not possible to design Bragg gratings, which fulfill the
given specifications from both sides. This condition is automatically fulfilled for
spatially symmetric grating structures. Such structures were obtained by using a
spectrally assisted layer peeling algorithm, resulting in a design which nearly
fulfills all required specifications. All required specifications were satisfied by
the designs obtained with an optimization algorithm. This method also enables
the design of Bragg gratings which are fully adapted to the material systems and
writing facility used. Bragg grating designs are shown with different lengths and
with/without π-phase shifts.

The Bragg gratings designed were fabricated afterwards by using a holo-
graphic writing setup which enables full control over local grating strength and
period. The Bragg gratings fabricated mostly fulfilled the required specifications
in transmission and reflection, but the chromatic dispersion properties have to
be improved. The photosensitivity of the planar waveguide samples was found
not to be sufficient to realize the required grating strength with the available
writing setup. In addition to the lower photosensitivity, an unwanted spatial
structuring of the realized Bragg gratings inside the etched channel waveguides
was observed. It was shown that this phenomenon prevents the fabrication of
strong, high-quality Bragg gratings.
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7. Conclusion

Within this thesis the use of UV-induced refractive index changes for waveguide
structuring and Bragg gratings was demonstrated.

The direct writing technique uses a focussed UV-laser which is scanned over
the waveguide sample. By means of a two axis translation stage arbitrary wave-
guide structures can be produced.

The standard material systems for this fabrication technique are germanium-
doped silica films sandwiched between two non-photosensitive layers. In order
to enhance the photosensitivity the samples were hydrogen-loaded prior to UV-
irradiation. UV-induced refractive index changes up to 10×10−3 were achieved
in such material systems. The fiber–waveguide coupling losses were reduced
to < 0.1dB by using an index-matched material system. Low loss straight wave-
guides (< 0.3dB/cm) and S-bends were produced. The combination of these
two building blocks enabled the fabrication of directional couplers. Due to the
asymmetry of the waveguides inside the coupling region no full overcoupling
was achieved.

Devices based on multi-mode waveguides can also be realized with the direct
writing technique. As an example the fabrication of multi-mode interference
couplers was shown. 1×2, 1×3 and 1×4 splitters with high-quality images have
been experimentally realized on the basis of BPM designs.

During experiments with non-hydrogen-loaded samples it was also observed
that their boron-phosphorus-doped cladding layer was highly photosensitive.
The achieved refractive index changes of up to 9×10−3 were even higher than in
the subjacent germanium-doped core layer. The photosensitivity was found to
be dependent on the boron concentration. Contrary to the germanium-doped
layers, hydrogen-loading decreases the photosensitivity. Based on this finding,
waveguides were realized in an all germanium free layered material system
without any pretreatment.

Germanium-doped silica layers deposited by MDECR-PECVD exhibited a
large negative photosensitivity. Without any presensitization refractive index
changes down by −10×10−3 were observed. Waveguides were realized in this
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material system by the negative direct writing technique, i. e. the waveguide
cladding instead of the core was written. Several experiments were performed
in order to explain these large refractive index changes. UV-absorption changes
and material expansion can explain a large, but not the full part of the measured
refractive index changes. More puzzling is the fact that the refractive index
reductions, calculated from UV-absorption changes and material expansion,
get stronger with increasing writing velocity, whereas the the opposite is true for
the measured refractive index changes. More experiments are needed in order
to solve this discrepancy.

Channel waveguides were also fabricated in bulk glasses by the direct writing
technique. Refractive index increases in non-hydrogen-loaded samples of up to
5×10−3 were achieved. Directly UV-written buried X-shaped waveguides in a
bulk multicomponent silicate glass have been produced by a special X-shaped
writing geometry. The writing technique presented is also suitable to produce
waveguides at variable depths, which dive under the surface and may crop out
at certain locations. This might be of interest for sensor applications.

The UV-induced refractive index changes offer a great potential for post pro-
cessing or trimming of integrated optical components. As an example the
fabrication-induced phase errors of arrayed waveguide gratings have been re-
duced using UV-trimming of the individual grating waveguides. Phase error
compensation up to 5 rad and a crosstalk reduction by 8 dB down to -35 dB have
been achieved without hydrogen loading. In addition the chromatic dispersion
within the 1 dB window of the transmission spectrum was reduced from -0.7 to
0.1 ps/nm. Therefore, the complex transmission characteristic of the arrayed
waveguide grating has been improved by reducing phase fluctuations of the
grating waveguides.

All these results have shown that the direct writing technique is a promising
technique for the fabrication of waveguide structures in a variety of different
material systems. In order to use the direct writing technique in a commercial
environment the photosensitivity decrease due to the hydrogen outdiffusion
has to be counteracted. This can be either done by cooling the sample down to
-30 ◦C during the writing process or by photosensitivity locking techniques. This
problem is less detrimental for trimming applications, where the photosensitiv-
ity of non-hydrogen-loaded samples should be sufficient.

The second part of this thesis dealt with the design and fabrication of Bragg
gratings. It was shown that layer-peeling is well suited for the reconstruction of
Bragg gratings from the measured complex reflection factor, but only has limited
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7. Conclusion

use for the design process when specifications from both grating sides have to be
fulfilled. This prerequisite is automatically satisfied when the grating structure
is spatially symmetric. For this purpose an algorithm was developed which
yields a spectrum, fulfilling the given specifications and belonging to a spatially
symmetric Bragg grating. This spectrum is then used as the input spectrum
for the layer-peeling algorithm. By using this spectrally assisted layer-peeling
algorithm a design was obtained which nearly fulfills all required specifications.

All required specifications were satisfied by the designs obtained with an
optimization algorithm. This algorithm also allowed for the consideration of
constraints imposed by the writing facility. The constraints which can be taken
into account are the grating length, existence of π-phase shifts, maximum values
and maximum spatial frequencies for the coupling coefficient. This enables
the design of Bragg gratings which are fully adapted to the material systems
and writing facility used. Bragg grating designs are shown with different lengths
and with/without π-phase shifts. Through the choice of the weighting factors
qi certain spectral characteristics can be emphasized. As an example a Bragg
grating was designed, whose chromatic dispersion in transmission outside the
grating stop band was not considered.

The designed Bragg gratings were fabricated afterwards by using a holo-
graphic writing setup which enables full control over local grating strength
and period. Through the reconstruction of weak Bragg gratings it was shown
that the designs can be realized in optical fibers. More work, however, is needed
to improve the quality of strong Bragg gratings, especially if they contain π-
phase shifts. The required specifications in transmission and reflection were
mostly fulfilled, but the chromatic dispersion characteristics in reflection and
transmission have to be improved.

The photosensitivity of the planar waveguide samples was found not to be
sufficient to realize the required grating strength with the available writing setup.
Due to the damage threshold of the Rochon prism inside the setup the power
density could not be increased. For the future a focussing after the prism should
be considered. In addition to the lower photosensitivity, an undesired spatial
structuring of the realized Bragg gratings inside the etched channel waveguides
was observed. It was shown that this phenomenon prevents the fabrication of
strong, high-quality Bragg gratings.

The results presented show that the methods developed in this thesis are
highly efficient for fabrication of complex waveguide devices and Bragg gratings
in photosensitive optical materials.
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A. Photosensitivity of amorphous
aluminium oxide

The work presented in this chapter was done in cooperation with the institute
of Micro Systems Technology at the Technische Universität Hamburg-Harburg,
where the fabrication of the material samples and the non-optical characteriza-
tion experiments were performed. The aim was to investigate the photosensitiv-
ity of amorphous aluminium oxide.

A.1. Motivation

There is a constant search going on for new optical materials, which can be used
for integrated optical waveguides. Aluminium oxide is a promising material
because of its low absorption values (< 0.3dB/cm between 1000 and 1800 nm
after tempering) and high refractive index (n = 1.66. . .1.78). In addition it is
a good host material for metal or rare earth ions like titanium, chromium or
erbium [174].

Waveguides were defined in this material system as strip-loaded waveguides.
First a 3µm thick buffer layer was realized by thermal oxidization of the silicon
substrate. An aluminium oxide layer with a thickness of 600 nm and a silica
layer of thickness 400 nm were deposited on top of the buffer layer by plasma-
enhanced chemical vapor deposition (PECVD). By means of photolithography
and etching processes the thickness of the silica layer outside the waveguide
regions was decreased to 200 nm. A general description of the processing steps
used is given in [174], whereas the detailed parameters can be found in [175].

Two different samples (M1, M2: see appendix D) were used for the UV-
irradiation experiments. No waveguiding in the slab and strip-loaded wave-
guides was observed for sample M1, but was observed for sample M2. For the
writing experiments the setup described in section 5.2 was used. The incident
power was 50 mW and the beam was focussed onto the sample surface by a
10 mm lens to a 1/e2-diameter of about 4µm. Straight lines with writing veloci-
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A. Photosensitivity of amorphous aluminium oxide

ties of 0.25 to 2000µm/s were written. The writing experiments were performed
on wafer regions where no strip-loaded waveguides were present.

A.2. Results

All UV-written lines on sample M1 were visible under an optical microscope.
In the Linnik interferometer measurements an increase of the optical path
length in the UV-written line was observed, see Fig. A.1(a). The lines shown
were written with velocities of 10/25/50/100/250/1000µm/s, respectively (left
to right). These positive phase shifts can either be caused by a refractive index
increase, a positive surface expansion or a combination of both. Measurements
of the surface profile performed with an atomic force microscope (AFM) revealed
that the UV-irradiation yielded surface trenches as shown in Fig. A.1(b). This
trench was written with a velocity of 2000µm/s and has a depth of ∼ 50nm.
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Figure A.1.: Measurement results on UV-irradiated areas on sample M1.

The reason for the positive phase shifts has therefore to be caused by a refrac-
tive index increase either in the silica or in the aluminium oxide layer. Measure-
ments of refractive index changes by means of the refracted near-field method
were not possible because of the small thicknesses of the two layers. Attempts
were therefore made to remove the silica layer by chemical etching. For this, the
samples were put into a 50 % HF-acid solution for one minute. Standard PECVD-
deposited aluminium oxide has a very low etching rate (below 20 nm/min [174]),
so it was expected that no significant thickness changes of the aluminium oxide
layer occur. The results obtained with the samples used, however, were different.
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A.2. Results

In Fig. A.2 scanning electron microscope (SEM) pictures of the resulting
surface are shown. Both the silica and the aluminium oxide layer were etched
away. An exception were the UV-irradiated lines, where now ribs are present.
AFM measurements have shown that these ribs have the original 600 nm height
of the aluminium oxide layer. Depending on the writing velocity the width of
the ribs is between 2 and 5.5µm.

Figure A.2.: Scanning electron microscope pictures of ribs produced by etching of the
UV-irradiated areas on sample M1. In the right picture cracks and an under-
etching are visible at a turning point of the UV laser.

The writing experiments on sample M2 resulted in an irregular appearance
of dark dots on the UV-irradiated areas. The etching with HF-solution only
removed the silica layer and no signs of the UV-irradiated areas were present on
the aluminium oxide surface.

Two conclusions can be drawn from these results. First, the aluminium oxide
deposited for sample M1 had a different chemical composition than the one
for sample M2. Second, the UV-irradiation yielded a change of the chemical
composition of sample M1, so that the etching rate was reduced. The reason for
this behavior is still unclear.

In order to find the origin of this behavior several experiments were performed
with pristine samples M1, M2 and UV-irradiated areas on sample M1. In SEM
measurements no visible difference between the aluminium oxide layers on
sample M1 and M2 were detected. Measurements of the chemical composi-
tion of sample M1 and M2 using energy dispersive X-ray spectroscopy yielded,
that the carbon content in sample M1 was higher than in sample M2. On UV-
irradiated areas on sample M1 however no carbon was present anymore. After
the etching of sample M1, hollow spaces were visible on SEM pictures of the
end faces of the resulting ribs. These could be the result of a carbon outdiffu-
sion.
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A. Photosensitivity of amorphous aluminium oxide

The UV-induced changes of the chemical etching rate could be the basis for
a promising structuring method of aluminium oxide layers. For use as optical
waveguides the optical properties of the resulting waveguide structures have
to be checked. A big problem could be scattering losses due to the surface
roughness. Other applications could be found in the area of micro systems.
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B. Thermal stability of directly UV-written
waveguides

One of the most important prerequisite for using UV-induced refractive index
changes in commercial available devices is a sufficient stability over the lifetime.
Typical specifications for the lifetime are 20 years at ambient temperatures
between -20 and 80 ◦C. Lifetime predictions are mostly based on accelerated
testing experiments, in which devices are stressed at extreme conditions (for
instance temperature, humidity, mechanical stresses) for a short time. From
the measured degradations of device characteristics a model is build in order
to predict the behavior over decades under moderate stress [176]. For the
case of UV-induced refractive index changes these stresses are introduced by
high temperatures [177], which are applied in either isochronal or isothermal
fashion [178] or by using a continuous temperature ramp method [179].

Whereas the aging characteristics of Bragg gratings in various fiber types
have been extensively studied, only a small number of temperature stability
experiments were performed on UV-written waveguide structures [180,181]. The
samples used in those publications were hydrogen-loaded germanium-doped
silica on silicon samples.

It was shown in section 5.6 that large UV-induced refractive index changes
can also be obtained in non hydrogen-loaded germanium-free boron phospho-
rus doped silica layers. These index changes were used for the patterning of
waveguide structures. A decrease of the UV-induced index changes will result
in changes of the mode field, which will influence e. g. bending losses or the
coupling ratio of directional couplers.

In order to compare the stability of the UV-induced refractive index changes
in the two different layers, waveguides with different UV-powers and writing
velocities were fabricated in sample A1 (see Fig. 5.16(a)). The core layer consists
of germanium doped silica, whereas the the cladding layer is made of boron
phosphorus doped silica. With these samples isochronal annealing experiments
were performed. The heating times were 30 min/8 h/24 h, respectively. After
each temperature rise the samples cooled down to room temperature and the
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B. Thermal stability of directly UV-written waveguides

refractive index changes in both layers were measured by the refracted near-field
method. The normalized index changes versus the annealing temperature for
one set of writing conditions are shown in Fig. B.1. The UV-induced refractive
index changes both in the core and in the cladding layer decrease with increasing
temperature.
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Figure B.1.: Decrease of normalized UV-induced refractive index changes during an
isochronal annealing experiment.

In order to predict the stability of the refractive index changes under normal
temperature conditions a master curve has to be build out of these results. The
master curve formalism enables the calculation of the decrease of the refractive
index changes over time and the definition of a burn-in process. Such a burn-
in process ensures that the changes over time stays within a given limit. An
example for such a procedure is given in [182]. Due to the limited number of
data points and as the accuracy of the refractive index measurement is only
3×10−4 no master curve could be obtained for our material systems.

As it can be seen in Fig. B.1 the thermal behavior of both material systems is
very similar. More work has to be done in order to make quantitative statements
regarding the lifetime of refractive index changes in boron phosphorus doped
silica layers.
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C. Fiber Bragg grating characterization by
Optical Space Domain Reflectometry

This work was performed in cooperation with the Fiber Optics Research Center
(FORC) at the General Physics Institute of the Russian Academy of Sciences.
Results of this cooperation are published in [17] and [18].

C.1. Motivation

Fiber Bragg gratings (FBGs) are widely used for telecommunication and sensor
systems. In some cases it is important to know the axial distribution of the
grating parameters as well as the exact grating location in the fiber. This is
especially true, if the desired specifications are not fulfilled. The knowledge of
the grating structure properties is an essential prerequisite for solving of the
responsible problems.

The most common and simplest way of the grating characterization is mea-
suring its power transmission/reflection spectrum. This method determines
only the integral characteristics of the grating structure. To obtain the spatial
distribution of local grating properties other techniques such as the Optical
Low Coherence Reflectometry (OLCR) [183], side-diffraction [184, 185] or heat-
scan [186] can be used. The Optical Frequency Domain Reflectometry followed
by an inverse scattering solver, see section 4.7, offers a fast and accurate deter-
mination of the complex coupling coefficient. However this approach requires a
lot of technical equipment (tunable laser source, polarization controller, fast AD
converter card) and sophisticated algorithms for the evaluation of the sampled
data. The Optical Space Domain Reflectometry (OSDR) has less demanding
requirements on the hardware and the evaluation.

In previous experiments a He-Ne laser has been used to locally introduce
a small optical phase perturbation in the grating structure. Because of the
small absorption of this radiation type by silica glass, the tested grating had to be
covered with an absorbing layer, typically with limited longitudinal homogeneity.
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C. Fiber Bragg grating characterization by OSDR

Within the framework of the aforementioned cooperation the application of
more suitable laser sources (a CO-laser and a frequency-doubled Ar-ion laser)
for local induction of a phase perturbation was investigated.

C.2. Measurement principle

The complex reflection factor r (ν̃) is related to the complex reflection coefficient
κ(z) by the following equation (see section 2.2.2):

r (ν̃) =−
∫Lg

0
κ(z)e− j 2πν̃z dz −p(ν̃) . (C.1)

The term p(ν̃) accounts for multiple reflections within the grating structure and
can be omitted if the grating is sufficiently weak. This is either the case, when
|κ(z)| is sufficiently small, or the operating wavelength is sufficiently distanced
from the Bragg wavelength, resulting in a sufficiently large |ν̃|. The technique
presented tries to satisfy the latter condition, see Fig. C.1(a).

The OSDR technique for spatial characterization of grating properties is based
on the introduction of a local AC phase perturbation δΦP /2, which is scanned
along the grating and measuring the reflection/transmission variations at a fixed
wavelength outside the stop band. The measurement setup used is sketched
in Fig. C.1(b). Both the UV and the IR laser beams used for phase perturbation
were chopped with a frequency of ∼ 230Hz and the OSDR signal was detected
by a lock-in amplifier.
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Figure C.1.: Location of measuring wavelength with respect to the Bragg wavelength and
OSDR measurement setup.
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From the measured transmission variations the coupling coefficient κ(z) can
be calculated using the following formula [187]:

∂T (zP ; ν̃meas)

∂zP
= ∂ [1−R (zP ; ν̃meas)]

∂zP
=−r∗ (ν̃meas) · ∂∆r (zP ; ν̃meas)

∂zP
− c. c.

= 2 |r (ν̃meas)|δΦP |κ(zP )| ·cos
[
2πν̃measzP −φκ(zP )+φ0ν̃

]
.

(C.2)

The obtained signal is a cosine function, where the varying amplitude deter-
mines the modulus of κ(z) and the argument the phase of κ(z).

C.3. Experiments

Instead of the previously used He-Ne laser either a frequency-doubled Ar-ion
laser (λ= 244nm) or a CO-laser (λ∼ 5µm) was used here. The penetration depth
of CO-laser radiation into silica glass is 100–200µm which allows one to heat
the fiber cross-section with good uniformity. The UV-light of the Ar-ion laser
induces a transient optical phase perturbation directly in the fiber core [188]. In
both cases no additional absorbing coating is required and the spatial resolution
and uniformity of phase changes are improved. In addition these radiation types
can induce a rather large phase which increases the sensitivity of the method.

Highly reflecting Bragg gratings written in a hydrogen loaded single-mode
fiber (SMF-28) have been tested in these experiments. The gratings were written
at FORC with a frequency-doubled Ar-ion laser by means of a Lloyd interfero-
meter. The resulting Bragg gratings therefore had a half-gaussian shape. The
length was about 5 mm.

It should be noted that the radiation types used here can permanently change
the refractive index distribution. The CO-laser radiation at high power can heat
the fiber strongly which can lead to annealing of the induced index, whereas
UV-irradiation can induce an additional average index change. Therefore the
irradiation dose, which depends on the irradiation density and the scan speed,
should be small in order to avoid grating degradation. On the other hand, these
effects could be used intentionally for modification of the grating structure.

During the grating testing UV and IR power densities were used that did not
lead to perceptible permanent changes of the grating’s overall spectrum. For the
UV-laser, the power density was ∼ 30W/cm2, that resulted in a cumulated UV-
dose of about 700J/cm2 per scan. This dose yields permanent refractive index
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C. Fiber Bragg grating characterization by OSDR

changes of about ∆nind ∼ 2×10−5 , which is relatively small compared to the
mean refractive index change induced in the fiber during the grating preparation
of ∆nmean ∼ 10−3 . In the case of the CO-laser irradiation the introduced phase
shift provided measurable change of the grating transmission spectrum and was
estimated as 0.14 rad. This phase value corresponds to a heating temperature
of about 30 ◦C which is much less than the annealing temperature of the UV-
induced index. Thus for weak Bragg gratings with a small ∆nmean in the order of
10−4 the CO-laser irradiation seems to be the more appropriate solution.

C.4. Results and discussion

An OSDR trace measured for a detuning ∆λ≈ 1.5nm of the probe laser wave-
length from the central grating wavelength is plotted in Fig. C.2(a). The grating
position corresponds to the region between 1 and 6 mm in the trace where the
signal oscillations are clearly visible. The number of OSDR oscillations in the
trace is defined by the detuning and was selected in order to be suitable for
qualitative processing of the measured OSDR signal.
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Figure C.2.: OSDR-signal measured for CO-laser light excitation and modulus and phase
of the grating coupling coefficient κ(z) reconstructed from the OSDR-data.

From the measured OSDR signal the axial distributions of modulus |κ(z)|
and phase φκ(z) of the coupling coefficient are calculated using eq. (C.2) and
shown in Fig. C.2(b). The modulus of the coupling coefficient is related to the
amplitude of the refractive index modulation as |κ(z)| = ηπ∆nmod(z)/λ0, where
η is the overlap between the fundamental mode and the transverse refractive
index changes structure of the Bragg grating. The latter relation allows one to
obtain nmod(z).

130



C.4. Results and discussion

Fig. C.3(a) shows the axial distribution of the induced index modulation
measured by different methods (OSDR techniques with IR and UV excitation as
well as with the side-diffraction technique using a He-Ne laser). Coincidence
within 10–15 % deviation between these curves has been achieved.
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Figure C.3.: Comparison of the obtained modulation amplitude distributions measured
by UV- and IR-OSDR techniques as well as by side-diffraction technique and
relative period distributions for two different IR-OSDR measurements.

The spatial derivative of the phase is related to the grating parameters as

dφ(z)

dz
≈ 2π

[
2n0

eff

∆λ

λ2
0

+ 2∆neff(z)

λ0
+ ∆Λ(z)

Λ2
avr

]
, (C.3)

where λ0 = 2n0
effΛavr is the Bragg resonance wavelength, ∆neff(z) = neff(z)−n0

eff
is the deviation of the local effective index from that of the fundamental mode
n0

eff and ∆Λ(z) = Λ(z)−Λavr is the grating period deviation from the average
period Λavr. The first term in eq. (C.3) is defined by the wavelength detuning
∆λ and is constant. The second and the third terms are determined by the
FBG properties and cannot be obtained independently. Both of them can give a
Bragg wavelength shift and special assumptions or experiments have to be made
in order to separate these grating parameters. It seems reasonable to assume
high contrast in the index modulation and an approximatively sinusoidal pitch
profile. This assumption gives

∆navr(z) =∆nmod(z), (C.4)

where ∆navr(z) is defined through ∆neff = η∆navr(z). Using this assumption and
eq. (C.3) the relative variation of the grating period has been calculated and is
presented in Fig. C.3(b).
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C. Fiber Bragg grating characterization by OSDR

The importance of the information obtained about the spatial distribution of
the grating period is shown in Fig. C.4. With the derived data for the coupling
coefficient the transmission spectra of the grating was calculated. Using only the
index modulation distribution and falsely assuming the grating period to be con-
stant, only a poor coincidence between the calculated and the measured spectra
(dashed and solid lines, respectively) was obtained. Taking into account both
the period variation and the index modulation distributions, however, yielded a
spectrum (dotted line) close to the measured one (solid line). The fact that the
measured spectrum seems to be have a floor at around -20 dB transmssion is
caused by the limited dynamic range of the measurement equipment at FORC
at that time.
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Figure C.4.: Comparison of the measured FBG transmission spectrum (solid line), the
calculated spectra taking into account the measured ∆nmod(z) (dashed line)
only and both ∆nmod(z) and ∆Λ(z) (dotted line).

C.5. Conclusion

The original concept of the Optical Space Domain Reflectometry was enhanced
by using IR (CO-laser) or UV (frequency-doubled Ar-ion laser) irradiations for in-
ducing the phase perturbation. These irradiation wavelengths do not require an
additional coating of the grating with an absorbing layer and yielded improved
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C.5. Conclusion

sensitivity, uniformity and spatial resolution. Comparison of obtained ∆nmod(z)
distributions with that measured by the side-diffraction technique showed good
coincidence within 10–15 % deviation. By taking into account the grating phase
information provided by the OSDR technique a satisfactory agreement between
calculated and measured grating spectra was obtained.

The OFDR technique in combination with an inverse scattering solver (see
section 4.7), however, has proven to be a better solution for the spatial charac-
terization of Bragg gratings. It offers a faster measurement time, a higher spatial
resolution and most importantly a higher accuracy of the reconstructed grating
profile.
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D. Sample data

Below are data regarding the different material samples mentioned in this thesis.
All the values given here were specified by the manufacturer of the respective
samples.

Sample I1

fabricated by: NKT Integration A/S
deposition method: PECVD
cladding layer: 12µm BPSG, n = 1.444@1550nm
core layer: 5.5µm Ge : B : SiO2, n = 1.444@1550nm
buffer layer: 16µm TOS, n = 1.445@1550nm
substrate: ∼ 600µm silicon

Sample A1

fabricated by: ALCATEL SEL
deposition method: FHD
cladding layer: 20µm BPSG, n = 1.449@1310nm
core layer: 4.5µm Ge : SiO2, n = 1.464@1310nm
buffer layer: 15µm TOS, n = 1.449@1310nm
substrate: ∼ 1mm silicon

Sample A2

fabricated by: ALCATEL SEL
deposition method: FHD
cladding layer: 15µm BPSG, n = 1.449@1310nm
core layer: 4.5µm Ge : B : SiO2, n = 1.449@1310nm
buffer layer: 15µm TOS, n = 1.449@1310nm
substrate: ∼ 1mm silicon
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Sample J1

fabricated by: Institute for Physical High Technology, Jena
deposition method: FHD
cladding layer 2: 12µm BPSG, n = 1.448@1310nm, low boron concentration
cladding layer 1: 20µm BPSG, n = 1.448@1310nm, high boron concentra-

tion
core layer: 5.5µm Ge : SiO2, n = 1.4625@1310nm
buffer layer: 12µm TOS, n = 1.449@1310nm
substrate: ∼ 1mm silicon

Sample J2

fabricated by: Institute for Physical High Technology, Jena
deposition method: FHD
cladding layer: 9µm BPSG, n = 1.448@1310nm, low boron concentration
core layer: 17µm BPSG, n = 1.448@1310nm, high boron concentra-

tion
buffer layer: 4µm TOS, n = 1.449@1310nm
substrate: ∼ 500µm silicon

Sample U1

fabricated by: Laboratoire de Physique des Interfaces et des Couches
Minces, Paris

deposition method: MDECR-PECVD
cladding layer: 15µm silica
core layer: 4.5µm Ge : SiO2

substrate: ∼ 1mm Suprasil®

Sample U2

fabricated by: Laboratoire de Physique des Interfaces et des Couches
Minces, Paris

deposition method: MDECR-PECVD
core layer: 4.5µm Ge : SiO2

substrate: ∼ 1mm Suprasil®
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Sample U3

fabricated by: Laboratoire de Physique des Interfaces et des Couches
Minces, Paris

deposition method: MDECR-PECVD
cladding layer: 15µm silica
substrate: ∼ 1mm Suprasil®

Sample M1

fabricated by: Institute of Micro Systems Technology, TUHH
deposition method: PECVD
cladding layer: 200 nm silica
core layer: 600 nm aluminium oxide
buffer layer: 3µm TOS
substrate: ∼ 500µm silicon

Sample M2

identical to sample M1 but different process parameters were used
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