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1 Introduction

The history of the use of glass dates back over 10 000 years. However,
it has been only in the last 50 years its electrical and optical properties
have arisen more interest along with an increased understanding of non-
crystalline materials. The lack of long-range periodicity makes glass and
other amorphous materials more difficult to deal with by conventional solid
state theory based on the idea of crystalline lattice structure repeating itself
in a regular manner. In spite of this, man has known for a long time how
to mold and shape glass into useful forms, and it has been used in various
applications including household utencils, decorative items, and windows.
Glass properties such as strength, thermal and electrical resistance, and
color can be manipulated by controlling the glass composition. Another
widely deployed method to control these properties is ion exchange. In
this process the cations in glass (Na®, KT, Li*) are exchanged by other
cations with the same valence (Ag*, Rb*, Cs™, Lit, K+, TI") [1]. The
process is diffusion driven (either thermal diffusion or electric field assisted
ion migration). lon exchange is by no means a new method, and not all
its major applications relate to tailoring glass properties. It has been used
already in ancient Egypt to purify drinking water during pharaoh Ramses
IT ¢. 1290 BC. First written references to ion exchange can be found in
the Torah (Exodus 15: 23-25). Today, ion exchange is exploited in a wide
range of applications from wastewater treatment to food industry [2-4]. Ion
exchange is an especially important tool for analytical chemistry where it
is utilized in chromatography to separate proteins and enzymes |[5].

Due to the transparency of glass at optical wavelengths (from UV to IR),
it has been also utilized in numerous optics applications including focusing
and diverging light beams (lenses) or in separating different wavelength com-
ponents (prisms). As optics took huge steps throughout the 20th century,
new applications for glass emerged. These include glass laser oscillators and
optical transmission fibers, the medium on which present day telecommu-
nication networks are by and large based.



Ton exchange in glass produces a graded refractive index profile. This
method has enabled inexpensive fabrication of graded index (GRIN) lenses
that are utilized as imaging lenses in small photocopiers and scanners [6],
in endoscopes enabling minimally invasive surgery [7], and in collimation
optics used in high power diode lasers [8, 9|. Ion exchange can be also
used to fabricate low loss channel waveguides for planar lightwave cir-
cuits (PLCs) in glass substrates. PLCs are widely applied in telecommu-
nication backbone and metropolitan area networks. These networks are
based on Dense Wavelength Division Multiplexing (DWDM) technology
in which the transmission capacity of a singlemode optical fiber is mul-
tiplied by using several tens of wavelengths around the 1550 nm wave-
length. Ion-exchanged channel waveguide components, such as optical
add-drop multiplexers/demultiplexers (OADM), are capable of multiplex-
ing/demultiplexing a small amount of channels. In addition to OADMs,
ion-exchanged glass waveguides have been exploited in a wide variety of
components, such as power dividers, Mach-Zehnder interferometers, ring
resonators and multimode intereference (MMI) couplers. The coupling be-
tween optical fibers and waveguides benefits from the relatively low refrac-
tive index change in ion-exchanged waveguides providing good modematch-
ing, and therefore, results in reduced power losses in fiber-to-waveguide con-
nections. Waveguide mode size can be further adjusted by burial and/or
through thermal annealing post-bake. In addition, ion-exchanged wave-
guides have been utilized in sensor applications [10-12].

In this work, I have concentrated on exploring and developing new tech-
niques for planar lightwave circuits utilizing silver-sodium ion exchange. In
the experiments, two special kinds of glass substrates have been used: alu-
minoborosilicate glass (also called BGG31) specially developed for passive
ion-exchanged waveguides and phosphate glass (commercial name 10G-1)
designed for waveguide laser applications. Phosphate glass can be doped
with large amounts of rare earth ions enabling fabrication of optically ac-
tive components (i.e. components that are able to amplify and emit light).
First, I will briefly present the basics of the ion exchange method and the
compositions of the glass substrates used in this work. Then, I will explore
the theoretical considerations of the electric field assisted thin film ion ex-
change. The diffusion parameters (the self-diffusion coefficient of Ag™ ions
and the ratio of the self-diffusion coefficients of Agt and Na™ ions) at the
process conditions will be extracted and these will be used to guide the
fabrication of singlemode channel waveguides operating at 1550 nm wave-
length region commonly used in telecommunication networks. Next, a new
approach to fabricate waveguide gratings through UV exposure in phos-
phate glass will be presented. Results of the material study into the effect



of UV light exposure on phosphate glass will be shown. Thereafter, the
effect of ion exchange on waveguide birefringence in BGG31 glass will be
studied in detail. In addition, a method to reduce waveguide birefringence
will be presented. Then, I will proceed to show two different kinds of laser
designs in phosphate glass. The first is a multimode short cavity waveg-
uide laser designed and fabricated to operate as a laser cavity in a high
repetition rate pulsed laser. The second is a single mode waveguide laser
utilizing a narrowband UV-written waveguide Bragg grating as one of the
cavity mirrors. Finally, the results are summarized.



2 Ion exchange

Ton exchange is a method in which an ion (A1) associated with a solid glass
matrix (X7) is replaced by another ion (B*) with the same valence:

XAt +Bt 2 X BT+ AT, (2.1)

Ton exchange can take place in glass immersed in a melt containing the
cations, referred in this Thesis as a molten salt ion exchange. Alternatively,
a thin metal film can be used as an ion source, referred as a thin-film ion
exchange. Schematics of both methods are presented in Fig. 2.1.

The first ion-exchanged waveguides were fabricated by Izawa and Nak-
agome [13] into borosilicate glass utilizing a combined TI™ — Na™ and
TIT — KT ion exchange from salt melt. Ion-exchanged waveguides provide
several advantages over the other commonly used planar optics waveguides
(silicon-on-insulator, InP, GaAs, silica-on-silicon, polymer and LiNbOsj
waveguides). These include ease of fabrication combined with low prop-
agation loss, better mode field matching with connecting fibers, resulting in
low fiber-to-waveguide /waveguide-to-fiber coupling losses, low birefringence
and therefore, low polarization dependent loss (PDL) in PLCs. Due to the
diffusion nature of the ion exchange process, it is possible to adjust the mode
field size and birefringence through thermal post-bake. A disadvantage with
ion-exchanged waveguides is that ion exchange produces a relatively low re-
fractive index difference, and therefore bend losses tend to be higher than in
etched semicoductor based waveguides. This means that larger bend radii
must be used, which leads to increase in the chip size.



I
I S EE—— —— I E—
—
.
—— —
L &
- —
I
[r———
. ooReee0r — —
—
—
-] I
H
—J_ — — .
— —
] —
T o
L — & ,

Figure 2.1. A schematic picture of a waveguide fabrication pro-
cess by ion exchange. (a) Molten salt ion exchange and (b) electric
field assisted thin-film ion exchange. From top to bottom in (a)
Ti mask deposition, mask patterning, ion exhange, mask removal,
field-assisted burial, and thermal annealing and in (b) resist spin-
ning, mask patterning, silver sputtering, electric-field assisted ion
exchange, mask removal, and thermal annealing.



2.1 Refractive index change by ion exchange

In ion exchange, a local change in refractive index is produced by replacing
alkali-ions by other alkali-ions with the same valence. There are two princi-
pal mechanisms contributing to the refractive index change: 1) The differing
polarizability and size of the ions participating in the process described by
the Lorentz-Lorenz (also known as Clausius-Mossotti) equation [14-16] and
2) induced stress through the photo-elastic effect [14, 17, 18] (described in
more detail in Chapter 5).

The Lorentz-Lorenz equation is given by [19]

3 n?-1
=—— 2.2
TN+ (22)
where « is the mean polarizability, N is the number of molecules per unit

volume, and n is the refractive index.

In Table 2.1, the most common cation pairs used in ion-exchanged glass
waveguides, their relative polarizabilities, and sizes are presented. The ion-
exchanged waveguides studied in this work are silver-sodium ion-exchanged
waveguides fabricated either by molten salt or thin film process.



Table 2.1. Cation pairs commonly used in ion exchange for glass
waveguides. rp and rp refer to the cation radii given in units of
angtsrom (A). Polarizability («) is given units of A3,

Salt ion Glassion ra/rg aa/ap Ref.
(A) (B)
Li Na 0.60 007  [14]
K Na 135 32 [14]
Rb K 112 15 [14]
Cs K 124 25 [14]
Tl Na 155 127 [14]
Tl K 112 39 [14]
Ag Na 1.33 5.6 [1]
INa = 0.95 A
ana = 0.43 A3

2.2 Glass substrates

The basic building blocks of oxide glasses are SiOy, B2Os, GeOs, P50Os5,
and AspOg3 tetrahedras [15]. These oxides with strong bonds are called net-
work formers. Glass strength can be enhanced by introducing into the glass
matrix so called network intermediates, such as ZnO and PbO. Though
network intermediates cannot form glass matrix by themselves, they con-
tribute to the glass strength. Finally, glasses can be tailored to have desired
properties by adding network modifiers, such as NagO, CaO, and K20 [15].

In this work, the emphasis is put on two special glasses: 1) Aluminoborosil-
icate glass, BGG31, and 2) commercially available Schott IOG-1 phosphate
glass.

2.2.1 BGG31 glass

Aluminoborosilicate glass BGG31 was specifically developed to fulfill the re-
quirements of ion-exchanged waveguides in passive (i.e. undoped) glass [20].



The glass composition of BGG31 is presented in Table 2.2. The glass net-
work is formed by SiOs and BoOg tetrahedras. The waveguides fabricated
in this glass feature low intrinsic losses and low birefringence. In addition
to sodium ions (high mobility in glass), fluoride ions are introduced to the
BGG31 glass. In general, NagoO decreases the chemical durability and the
thermal shock resistance of the glass, and in order to compensate for this
side effect, aluminium oxide (AlyOs3) is incorporated into the glass matrix.

Table 2.2. Glass composition of BGG31 aluminoborosilicate
glass [21].

Element atomic %

O 58.3
Si 17.6
Al 7.1
Na 6.8
B 6.0
F 4.2
As 0.06
K < 0.01

2.2.2 Schott IOG-1 glass

Phosphate glass is favored in short fiber and waveguide amplifiers and lasers
due to the high solubility of rare earth ions without a significant lifetime
reduction of the upper amplifier /laser level [22]. This enables high gain val-
ues in short cavity lengths and small mode volumes. Commercially available
Schott IOG-1 phosphate glass was used in this work to realize short cavity
waveguide lasers. The composition of Schott IOG-1 glass is presented in
Table 2.3. Phosphate glass matrix is formed by P-tetrahedras with sp?
orbitals connecting to oxygen atoms through covalent bonds linking with
other P-tetrahedras or terminal oxygens (the fifth electron is promoted to
3d orbital where strong m-bonding molecular orbitals are formed with oxy-
gen 2p electrons) [23]. A relatively high amount of aluminium oxide is
added to IOG-1 glass to increase durability since phosphate glass is sensi-



tive to surface damage during the ion exchange process [24]. Rare earth
ions (Nd**, Er3*, Yb3T) are added in various combinations in order to ob-
tain the desired spectral properties (more about this in Chapter 6). In the
case of undoped phosphate glass, optically passive lanthanoid oxide (LasO3)
is added instead of other rare earth oxides in order to keep glass proper-
ties similar to the doped phosphate glass. Lanthanoid oxide also increases

durability.

Table 2.3. Glass composition of IOG-1 phosphate glass [24].

mol%
P505 60
NayO 24
Al,O3 13
R203 3

R=>" rare earths



3 Ion-exchanged glass waveguides

3.1 Diffusion equation for electric field assisted bi-

nary ion exchange

In electric field assisted binary ion exchange, the effect of both thermal
diffusion and ion migration due to the force caused by the driving electric
field E must be taken into account.

In diffusion, the ion flux (written here as a lower case letter vector j, so not
to be confused with current density J) is proportional to the concentration
gradient according to Fick’s first law:

j=-DVe, (3.1)

where ¢ is the ionic concentration and the proportionality constant D is
the self-diffusion coefficient (D = §x2/2t, where dx? is a root mean-square
displacement at the time t).

The ion drift flux due to the force (F) is
j=cuF, (3.2)

where g is the ionic mobility (1 = 7/m, where 7 is the average time between
collisions with other ions/molecules and m is the mass of the ion). By
substituting the force caused by the electric field (F = gE) and by using
the Einstein relation for the self-diffusion coefficient and the ion mobility
(D = pkT, where k is Boltzmann’s constant and 7' is the temperature), the
ion flux due to migration is given by

j = DcqE/4kT, (3.3)

10
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where ¢ is the electric charge of the ion. A correlation factor f has been
included in order to take into account the different nature of ionic mobility in
diffusion (Eq. 3.1) and in ion migration due to the electric field (Eq. 3.2) [25,
26).

The total ion flux for participating ions A and B in ion exchange is given
by adding the contributions from the diffusion and the ion migration:

jo = —DaVea + caDaeE /T, (3.4)
jg = —DpVep + cgDeE /fkT. (3.5)

In Egs. (3.4) and (3.5), ions A and B are considered to be monovalent with
a positive charge e. The total concentration ¢y of the mobile ions in glass is

ca+cp =cp. (3.6)

The conservation of charge requires that the total charge in the glass stays
constant during the ion exchange process giving

V (ca+cp)=0. (3.7)
The total ion flux j, equals to
Jo=Ja +B- (3.8)

By inserting Eqs. (3.4) and (3.5) into Eq. (3.8), and by making use of
Egs. (3.6) and (3.7), the electric field in the glass is obtained:

(M —1)Vca + Mjy/Da
CA(M—1)+C0 ’

¢E/fKT = (3.9)

where M is the ratio of self-diffusion coefficients, M = D4/Dp. The flux
ja can now be written as:

. —DacoVea + Meajy
JA ca(M —1) +¢g

(3.10)

The change in concentration of ions A with time is obtained by using Fick’s

second law: 5
CA .
—— = -V -ja. 3.11
ot Vja ( )
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In order to keep the final diffusion equation simple, the relative ion fluxes,
J =ja/co, and Jg = jg/co, and the relative ion concentration, C' = c4/co,
will be used. After performing the derivations required by Eq. (3.11), the
diffusion equation is given by

8C  DVC D(M —1)(VC)? + MJ, - VC 2 1o
ot C(M—-1)+1 [C(M —1)+1]2 ‘ (312)

In certain specific cases it is enough to solve the time-evolution of Eq. (3.12)
in only one dimension. In such cases, the Crank-Nicolson method [27] can be
applied. This method of solving the time-evolution of the one-dimensional
diffusion equation given by

D¢ D(M — 1) (2€)? MJ, - €

ot CM-1)+1 [CM-1)+17  [C(M—1)+1]2

is presented in more detail in publication I.

3.2 Boundary conditions

Boundary conditions for the electric field assisted diffusion equation (3.12)
depend on the ion exchange method.

In molten salt ion exchange, constant boundary conditions apply:

o Cs  (surface in contact with a salt melt)
1 0 (other surfaces)

The constant value, Cs, depends on the concentrations of the participating
ions in the salt melt (determined from regular solution theory) [28, 29].
In Ag™ — Na™ ion exchange, the value for the constant Cy is 1 for pure
AgNO3 and 0 for pure NaNOg [29]. The above equation requires that the
equilibrium conditions are achieved rapidly.

Thin film Ag™ — Na™ ion exchange can be considered as an electrolysis pro-
cess in which positively charged Ag™ ions drift from a silver anode through
a solid electrolyte (glass) towards the silver cathode [25, 29]. The ion flux
(Jag) is perpendicular to the surface chosen here to be along y-direction.



13

The surface boundary condition is given therefore by:
Jag = Jo. (3.14)

The Ag™ ion flux on other surfaces is zero. By substituting Eq. (3.14) into
Eq. (3.10), the boundary conditions for a thin film Ag™ — Na™ ion exchange
can be presented in a more useful form as:

0C [ Jo(Cag—1)/D (surface in contact with a silver thin film source)
dy | 0 (other surfaces)

3.3 Diffusion parameter extraction and channel

waveguide mode profiles

In the following, the results of parameter extraction and the channel waveg-
uide mode profiles presented in publication I are briefly reviewed. In order
to find out the diffusion coefficient and the mobility required for model-
ing the light propagation properties in a waveguide, an approach similar to
Honkanen and Tervonen [30] was adopted. First, an IOG-1 phosphate glass
sample was coated by a 500 nm-thick silver layer. Silver ions were driven
with an electric field assisted ion exchange into glass in a temperature con-
trolled oven. During the process, the silver ion current and the temperature
were monitored with a multimeter and a thermocouple. Ion exchange was
performed at T = 95°C with a voltage of 200 V applied over a 1.5 mm
thick substrate. After ion exchange, the residual silver film was removed in
NH,OH/H204 wet etch. The effective indices of the modes propagating in
a slab waveguide were measured by prism coupling and the refractive index
profile was constructed according to Chiang’s recursive inverse Wentzel-
Kramers-Brillouin (IWKB) algorithm [31]. Thereafter, Ag*-ion concentra-
tion profile was simulated via the Crank-Nicolson method by varying the
self-diffusion coeffient (D) and the ratio of self-diffusion coefficients (M) in
Eq. (3.13) until agreement with the refractive index profile was achieved.
The same procedure was also applied in the case of an annealed slab waveg-
uide but this time with a zero current in Eq. (3.13) since no electric field
was applied during the thermal post-bake.

In Table 3.1, the diffusion parameters at process conditions deduced by com-
bining the results from the time-evolution of the diffusion equation (3.13)
and the results from the IWKB analysis are presented. It was concluded
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that the self-diffusion coefficient and the ratio of self-diffusion coefficients in
IOG-1 glass are of the order of 5x 107'® m? /s and 0.7 at ion exchange condi-
tions used to fabricate two-dimensional waveguides (T = 95°C, U = 200 V)
and 3 x 1070 m?/s and 0.7 at conditions applied during the thermal post-
bake (T = 230°C, U=0V).

Table 3.1. Self-diffusion coeffient (Dag) and the ratio of self-
diffusion coefficients (M = Dag/Dna) at different process condi-
tions.

T U Dag M
°Cl V] [m?/s]

95 200 5x1071 0.7
230 0 3x10716 0.7

Using the estimates given in Table 3.1, waveguide mode profiles were the-
oretically calculated from Eq. (3.12) by the finite difference time domain
method using a software developed previously by our research group. The
theoretically calculated and the measured mode profiles are presented in
Figs. 3.1 and 3.2 for a mask opening width of 3 pym at signal (1535 nm)
and pump (980 nm) wavelengths. Ellipticity and the modeled and mea-
sured mode profile dimensions defined at e%—intensity point are presented in
Tables 3.2 and 3.3.
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Figure 3.1. Theoretical (a) and measured (b) mode profiles at
signal (1535 nm) wavelength. Waveguide mask opening width is
equal to 3 pm. The intensity difference between the isocontours is
10% of maximum intensity.
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Figure 3.2. Theoretical (a) and measured (b) mode profiles at
pump (980 nm) wavelength. Waveguide mask opening width is
equal to 3 pm. The intensity difference between the isocontours is
10% of maximum intensity.

Measured mode profiles appear to have a slightly elliptic shape with increas-
ing ellipticity as a function of a mask opening width while the theoretical
mode profiles show the smallest ellipticity for the waveguide with a mask
opening width of 3 pum at signal wavelength. Besides this one exception,
theoretically modeled waveguides show increasing ellipticity with a mask
opening width.

It can be also observed that the theoretically calculated mode profile di-
mensions for the narrowest mask opening width are larger than those for
the wider mask opening widths (at 1535 nm). This can be associated with
the fact that the waveguide with the narrowest mask opening width (2 pm)
has the lowest amount of Ag™ ions, therefore producing the weakest mode
confinement and furthermore, a relatively large mode size. The modes prop-
agating in other waveguides are more confined resulting in smaller mode
profile dimensions. The discrepancies between the theoretically modeled
and the measured mode profiles can be explained by the inaccuracies in the
lithography process that is especially pronounced in the case of the mask
opening width of 2 pm. At signal wavelength the waveguides with mask
opening widths of 2 um and 3 pm are single mode while the rest of the
waveguides are multimode. At pump wavelength, all the waveguides are
multimode. The larger measured mode dimensions in the lateral direction
compared with the theoretical mode profiles at pump wavelength can be
explained by the difficulty in coupling light exclusively to the fundamental
propagating mode.



Table 3.2. Mode profile dimensions at different mask opening
widths at (signal) wavelength of 1535 nm.

Mask opening Width Height Ellipticity
width
[pum] [pm]  [pm]
2 measured 8.9 6.4 0.69
2 modeled 11.0 7.0 0.77
3 measured 9.1 6.3 0.72
3 modeled 9.6 6.4 0.75
4 measured 8.0 5.4 0.74
4 modeled 9.1 5.8 0.77
) measured 9.7 5.7 0.81
) modeled 9.0 5.4 0.80

Table 3.3. Mode profile dimensions at different mask opening
widths at (pump) wavelength of 980 nm.

Mask opening Width Height Ellipticity
width
[pm] [pm]  [pm]
2 measured 5.9 3.8 0.76
2 modeled 7.0 4.7 0.74
3 measured 7.7 4.1 0.85
3 modeled 6.6 4.1 0.78
4 measured 7.7 3.9 0.86
4 modeled 6.5 3.7 0.82
) measured 8.9 4.0 0.89
) modeled 6.7 3.7 0.83




4 Photosensitivity of phosphate

glass

In 1978, Hill and coworkers discovered photosensitivity of a Ge-doped silica
fiber by illuminating the fiber with an Ar-laser light [32|. Light launched
into the fiber reflected back at the glass-air interface at the other end of the
fiber and formed a standing wave pattern inside the fiber. The refractive
index of the fiber was permanently modulated with the same periodicity
as the interference pattern. These early experiments aroused little interest
in optics community and it was only a decade later when the significance
of the fiber photosensitivity was properly understood. In 1987, Stone [33]
demonstrated photosensitivity in a number of fibers and in 1989 Meltz et
al. [34] demonstrated gratings with reflectivity above 50% in a germanosil-
icate fiber. In the same year, Hand and Russell explained the link between
the changes in absorbance at UV-wavelengths and the apparent UV-induced
refractive index change at infrared wavelengths through Kramers-Kronig re-
lations [35]. A remarkable improvement in fiber Bragg grating fabrication
was achieved when Hill et al. and Andersson et al. introduced, indepen-
dently from each other, the phase-mask technique [36, 37|. Phase-mask
technique is superior over the earlier grating inscribing methods both in
cost and in robustness. Today, fiber Bragg gratings are important com-
ponents both in erbium doped fiber amplifiers (EDFA) and in wavelength
division multiplexing (WDM) devices [38|.

In this work (presented in publication II), I have concentrated on studying
photosensitivity of both undoped and Er-Yb codoped phosphate glass (I0G-
1). Later on, it will be shown that it is possible to write high quality Bragg
gratings into undoped IOG-1 glass (see Chapter 7). Somewhat weaker Bragg
gratings were fabricated into Er-Yb codoped glass. Experiments studying
the UV-induced structural modifications and spectroscopical changes were
also carried out. The relation between these UV-induced changes and the

17
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increase of the refractive index at infrared wavelengths is briefly discussed
at the end of this chapter.

4.1 Bragg diffraction

Scattering from lattice planes of a crystalline material was first explained by
von Laue in 1912. He stated that diffraction beams are produced whenever
a reciprocal lattice point coincides with surface of the Ewald sphere [16], or
the condition

K=G (4.1)

is met. In the von Laue condition, K is equal to the difference between the
wavevectors k and kg, and G is the reciprocal vector of the crystal lattice.
Shortly afterwards, the von Laue condition was re-intepreted by Sir W. L.
Bragg. He discovered that diffraction could be understood as a reflection of
the incident beam from the lattice planes. The Bragg condition

mA = 2d sin(6) (4.2)

states that a constructive interference is produced if the path difference
between the rays reflecting from the different lattice planes is equal to an
integer number of wavelengths () of the incident beam. In Eq. 4.2, d is the
distance between the crystal planes and the angle @ is defined as shown in
Fig. 4.1 a.

Bragg gratings can be artificially produced in material by introducing a
refractive index modulation with a period comparable to the wavelength
of the incident beam. Fiber Bragg gratings and photonic crystal materials
represent such artificially produced gratings. In case of fiber Bragg gratings
it is more convenient to define the angle 6 as shown in Fig. 4.1 b. Thus the
Bragg condition now becomes:

mAg = 2neg A cos(), (4.3)
where n.sy is the effective refractive index of the propagating mode and A
is the period of the grating. Here, A\ is the vacuum wavelength. In the case

of normal incidence (6 = 0), Eq. (4.3) reduces to a form given by:

mAg = 2ncfpA. (4.4)
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Figure 4.1. Bragg diffraction in a) crystal geometry and b)
fiber /waveguide geometry. d refers to the distance between atomic
layers in crystal geometry while A is the the Bragg period produced
by UV-writing in fiber/waveguide Bragg gratings.

Wavelengths satisfying the Bragg condition are reflected by a grating while
all the other wavelengths are transmitted. In practical cases, the reflected
wavelengths have a bandwidth Av, the bandwidth being narrower the longer
the grating is (for the case of a "weak-grating limit") or the higher the
index modulation is (for the case of a "strong grating limit") [39]. Also, the
reflected intensity increases as the grating length increases. If the grating
period is increased (or decreased) along the fiber axis, a chirped grating
is obtained. These kinds of gratings are widely exploited in broadband
reflectors and in dispersion compensation.

4.2 Excimer lasers

The term excimer refers to a group of molecules that can exist only in an
excited state. These molecules do not have an energy minimum in their
ground state and therefore dissociate very quickly in a ground state. Typi-
cally, noble gases (Xe, Kr, Ar) and halogens (F, Cl, Br, I) can form excimers.
An ionized noble gas ion in an excited state (e.g. Ar* or Kr*) attracts a neg-
atively ionized halogen ion (e.g. F~) and forms an excimer molecule in an
exothermic, or energy releasing, reaction while the reaction with ions in
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their ground state would have been endothermic, or energy requiring, and
therefore is not favored by nature. The lifetime of the bound state is of
the order of several nanoseconds while the unbound molecule dissociates
in approximately one vibrational period, or 107! s [40, 41]. The almost
nonexistent ground state lifetime of an excimer molecule makes it a good
choice of material for two-level laser applications. Indeed, very high powers
can be extracted from excimer lasers. Due to the relatively short upper state
lifetime, excimer lasers operate best in a pulsed state. They are pumped
electronically by electron beams capable of ionizing noble gas and halogen
atoms. Excimer lasers typically emit at ultraviolet wavelengths, a wave-
length range not very well covered by other gain media. Short upper state
lifetime also results in a high spontaneous emission rate and in relatively
poor coherence properties.

The excimer laser systems used in this work for writing waveguide Bragg
gratings were argon fluoride (ArF) with a stimulated emission at 193 nm
and krypton fluoride (KrF) with a stimulated emission at 248 nm. When
the laser was run with an ArF gas mixture, unstable resonator optics were
used, yielding pulses with an energy of 100 mJ. With the KrF gas mixture,
stable resonator optics were used, delivering pulses with an energy up to
400 mJ. Unstable resonator optics provide increased spatial coherence due
to a much smaller front reflector area, resulting in fewer oscillating spatial
modes. This allows tighter focusing of the laser beam output, which par-
tially compensates for the lower gain obtained from the unstable resonator.
However, the pulse length for 248 nm is close to 20 ns while it is only 14 ns
for 193 nm, therefore the use of 193 nm gives 40% more peak power at the
same pulse energy.

4.3 Phase mask technique

Fiber Bragg grating fabrication was simplified considerably by the intro-
duction of the phase mask technique [36, 37|. In this technique, a piece of
silica glass with an etched surface-relief grating on one side of the substrate
is placed in close proximity with a fiber (or, as in this work, with the glass
substrate). This acts as a thin transmission grating operating in Raman-
Nath regime. The grating produces multiple waves diffracted at angles 0,
obtained from the grating equation [42]

A
sinf, = a4y (4.5)
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where A is the wavelength of the incident light, A is the period of the surface-
relief grating, and ¢ is the order of the diffraction. The angle ¢, is measured
with respect to the incident light. Usually, the phase retardation (phase
difference induced by corrugation depth) and the duty cycle of the grating
(the ratio between the width of the corrugation and the phase mask period)
is designed in such a way that the power to the other diffraction orders -
besides the orders £1 - is minimized [36, 42, 43]. The two plane waves with
diffraction orders —1 and +1 form an interference pattern with a periodicity
which is half of that of the phase mask peridiocity, and this periodicity is
independent on the illumination wavelength [44].

A small drawback of the phase mask method is that the corrugation depth
for a zero-order nulled operation is wavelength dependent, therefore requir-
ing a different phase-mask for each irradiation wavelength. However, if
compared with the internal writing or the holographic technique, the sta-
bility and coherence requirements are greatly relaxed enabling the use of
high energy excimer lasers [45, 46].

The phase-mask technique has also enabled more complex grating designs,
such as apodized gratings used to suppress the sidelobes present in reflection
from a grating with a uniform index modulation [39] and the fabrication of
chirped gratings used in dispersion compensation [47].

4.4 Mechanisms behind photosensitivity

4.4.1 Color center model

The color center model relates the UV-induced change in absorption (A«) at
short wavelengths to the increase in refractive index at infrared wavelengths
through Kramers-Kronig relations

An (A) - LPP/OO$, (4.6)
0

where PP refers to Cauchy’s principal value. The color center model was
first suggested by Hand and Russell based on their observations of the
bleaching of the absorption band around the wavelength of 240 nm [35].
These bands are formed by germanium-oxygen vacancy defects (GODC)
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produced during the fiber drawing. A schematic picture of a GODC (a Ge-
Si or a Ge-Ge "wrong bond") is depicted in Fig. 4.2. Instead of bonding
to another Ge or Si atom through a bridging oxygen atom, the Ge atom is
bonded to either Ge or Si atom through an electron. UV-irradiation breaks
these "wrong bonds". During the bond breakage the bonding electron is
released and this electron can either recombine immediately with GeE' cen-
ter (Ge atom bonded to three oxygen atoms and to an empty site) or it
can diffuse through the glass matrix and eventually be trapped at Ge(1) or
Ge(2) center creating Ge(1)™ or Ge(2)~ color centers [46]. A Ge(1) center
refers to a Ge atom bonded to four Si atoms through a bridging oxygen and
a Ge(2) center refers to Ge atom bonded to three Si atoms and to one Ge-
atom through a bridging oxygen. These color centers have absorption bands
at 281 nm, 213 nm, and 197 nm, respectively [35, 48|. Several studies have
established the validity of the color center model as explaining a major part
of the UV-induced index change in Ge-doped silica fibers [49-51|. The color
center model was also discovered to be behind the UV-induced index change
in phosphorus-doped silica glass [52]. Photosensitization techniques, includ-
ing hydrogen loading [53|, flame brushing [54], boron, tin, germanium, or
rare earth codoping [55], and exposure to ArF excimer laser irradiation [56],
have been observed to enhance color center formation, and as such can be
used to increase the refractive index change at infrared wavelengths.

Oxygen

Figure 4.2. A schematic picture of a germanium-oxygen vacancy
defect. Instead of a bridging oxygen, germanium atom is linked to
another Ge/Si atom through an electron. The electron is released
during the irradiation induced bond breakage.
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4.4.2 Compaction/densification model

While the UV-induced color center formation has been by and large accepted
to be the dominant source of the refractive index change in Ge-doped silica
fibers, the discussion of the mechanisms lying behind photosensitivity in
other fibers remains more controversial. Another model that has received
a lot of attention is the so called compaction or densification model. The
irradiation breaks or weakens the bonds in glass causing structural modifica-
tions and furthermore, either densification or expansion of material. In this
model, the UV-induced volume change (either by densification or expansion)
introduces a refractive index change as predicted by the Lorentz-Lorenz re-
lation (See Eq. (2.2) in Chapter 2). The sign of the refractive index change
depends on the stress distribution near the surface and the stress-optic coef-
ficients of the glass [17]. Fiori and Devine |57| were the first to observe UV-
induced compaction in vitreous amorphous silica. Compaction was assumed
to occur through breaking of higher order a — SiO5 ring structures into two
or three-member ring structures. After all the ring structures are consumed,
further irradiation results in permanent compaction similar to laser ablation.
Existence of three member ring structures have been observed in irradiated
GeOy doped silica fibers in Raman studies performed by Gabriagues and
Fevrier [58]. Earlier work by Primak and Kampwirth [59, 60] had already
related the refractive index change to radiation-induced compaction in vit-
reous silica. Compaction was observed in samples irradiated by radiation of
ionizing character like neutrons, high-energy electrons, protons, deuterons
and gamma-rays. Densification induced refractive index change has also
been demonstrated by experiments carried out by Cordier et al. [61] and
Poumellec et al. [62].

Several studies have suggested that the UV-induced index change has a dif-
ferent origin depending on whether the irradiation wavelength of 193 nm
or 248 nm is used. Rothchild et al. [63] observed that the refractive index
in pure silica fiber increased quadratically as a function of intensity when
irradiated by 193 nm light, thereby linking the absorption of 193 nm irra-
diation to a two-photon process. This observation was supported by the
experiments performed by Albert et al. [64] in defect-free Ge-doped silica
fibers at wavelength of 193 nm. Borrelli et al. [65] did not consider densifi-
cation as a major source of UV-induced refractive index increase in samples
irradiated by 248 nm, while in samples irradiated by 193 nm light the effect
of densification initiated by a two-photon absorption was considered to be
more dominant. In fact, they went as far as to state that in oxygen-defect
free samples it might be the sole source of the induced refractive index
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change. They also pointed out the importance of the thermal history in
material densification process [66].

4.5 Undoped (passive) IOG-1 glass

In figure 4.3, the transmission spectra from ultraviolet to near-infrared wave-
lengths are shown for undoped and Er-Yb codoped IOG-1 glass as well as for
ion-exchanged undoped glass. Three things can be immediately observed
from Fig. 4.3. First, almost no transmission is observed below wavelengths
230 nm for Er-Yb codoped and ion-exchanged glass, suggesting that ab-
sorption at those wavelengths is very high with all the irradiation below
230 nm being absorbed in a thin surface layer. Therefore, for the Er-Yr
codoped glass the irradiation wavelength of 248 nm was chosen instead of
193 nm. For undoped glass, however, the irradiation wavelength of 193 nm
is a better choice as the transmission at the wavelength of 248 nm is already
too high.

First experiments were carried out with undoped substrates in which wave-
guides were already fabricated. A phase mask with a period of 1015 nm
and a length of 9 mm was used. The ArF excimer laser was run at 100 pps
(pulses per second) with a fluence of 460 mJ/cm?. It was observed that a
grating with reflectivty between 1% and 12% was obtained after a relatively
short irradiation time of 4 min, with further irradiation erasing the grating.
Clearly, these low grating reflectivities are not practical for mirrors in lasers
applications.

Stronger free-space diffraction efficiencies (measured by illuminating the
sample by a He-Ne laser at different angles) were always measured at
the sides of the waveguides where Ag™ concentration is lower suggesting
that Ag™ and Ag® species might prevent irradiation from penetrating deep
enough into the glass. In view of this, the grating irradiation was carried
out with a pristine sample and the waveguides were fabricated only after
writing of the grating. The laser was run in ArF mode with a fluence
of 300 mJ/cm?. Reflectance and transmittance spectra of the grating are
shown in Fig. 4.4. Reflectance of 44% (calculated from the transmission
dip) was reached with only a 4 mm long grating and 5 min exposure time.
The measured reflectivity corresponds to an index modulation of 1.0 x 10~*
if a full overlap between the waveguide and grating fringes is assumed (See
Eq. 4.8). The value of index modulation obtained from (4.8) corresponds
to a value deduced from the free space diffraction measuments (Eq. 4.7).
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Figure 4.3. UV-Vis transmission spectra for passive IOG-1 (un-
doped, solid line) and active IOG-1-7 (Er/Yb-codoped, dashed
line), and for ion-exchanged passive IOG-1 (dash dotted line) glass
substrates. The thickness of the substrates was 1.5 mm.

The amplitude of the refractive index modulation can be estimated if the
diffraction efficiency is known [40]. Diffraction efficiency (n = Igifs/Io) is
related to the amplitude of the refractive index modulation (An) through
equation

n = sin? (rdAn/ (Ao cos ;)) (4.7)

where d is the thickness of the grating, \g is the wavelength of the incident
light, and 6p; is the internal angle relative to the sample perpendicular.

The amplitude of the refractive index modulation and the reflectance (R)
are related through equation [39]

R = tanb?  TEARL) | (4.8)
ABragg
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where R is the reflected power, I' is the overlap factor between the propagat-
ing mode in the waveguide and the grating, Ap,qg44 is the Bragg wavelength,
and L is the grating length.

The reflectance and transmittance spectra are presented in Fig. 4.4. The
phase mask period was 1065 nm giving a reflectance peak at 1608 nm in
undoped IOG-1 glass. The inspection of the grating before waveguide fab-
rication revealed that the grating is a volume grating operating in Bragg
regime. The reflectance spectrum shows no coupling to the cladding modes.
These experiments show that it is possible to write high quality Bragg grat-
ings into passive IOG-1 glass, and reflectances high enough for waveguide
laser applications can be achieved simply by increasing the grating length.
This kind of a grating was fabricated and tested as a mirror in a waveguide
laser cavity in this work (see Chapter 7).
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Figure 4.4. (a) Reflectance and (b) transmittance spectra for a
waveguide grating in undoped IOG-1 glass. Grating reflectivity is
equal to 44%. This value was calculated from the transmission dip.

4.6 Er-Yb-codoped (active) IOG-1 glass

The waveguides in active IOG-1 glass were fabricated only after the grating
exposure. UV-writing was performed with a fluence of 250 mJ/cm? for
30 min at a wavelength of 248 nm. The highest grating reflectance produced
in this way was only 15% with a grating length of 13 mm corresponding to
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an index modulation of 1.5 x 107°. The polarization dependent wavelength
shift of the grating was equal to 0.02 nm corresponding to birefringence
of the order of 1074, as expected for a surface waveguide. The grating
operates in Bragg regime, but the index modulation is too low for laser
quality gratings. The significantly lower index modulation compared with
the one obtained with an ArF laser emitting at 193 nm into undoped glass is
most probably due to the combined effect of the poorer coherence properties
of the excimer laser system at 248 nm along with the fact that absorption
at 248 nm is weaker in Er-Yb codoped glass compared with absorption in
undoped glass at 193 nm.

4.7 Material studies of IOG-1 glass

The change in absorbance (absorbance defined as —(1/1)log T}, where [ is
the thickness of the material layer and T; is the transmittance of the layer)
due to UV-irradiation at 193 nm and annealing is shown for undoped glass
in Fig. 4.5. From this figure, it can be observed that a strong UV-irradiation
induced absorbance peak appears at 180 nm in undoped I0G-1 glass, also
a broader and weaker peak around 460 nm can be observed. The peak
around 180 nm reduces only slightly after thermal annealing (90 min at
230°C) compared with the broader peak around 460 nm. The absorbance
changes observed in Er-Yb codoped I0G-1 glass were more moderate as
can be seen from Fig. 4.6. A broad peak around 460 nm is again observed,
however, there is no sign of a peak or absorption edge at lower wavelengths
as in the case of the passive UV-irradiated sample.

Measurements with a Tencor P1 profilometer revealed a volume expan-
sion with an increasing ridge height as a function of an irradiation dose.
Ridge height as high as 700 nm was measured after an irradiation dose of
60 kJ/cm?. Diffraction efficiency (calculated from Eq. (4.7)) increased until
the total dose was equal to 40 kJ/cm?, after which it started to decrease.
The ridge height along with the diffraction efficiency as a function of a dose
are presented in Fig. 4.7. Interestingly, annealing improved the diffraction
efficiency in samples that were originally overdosed while the gratings in
the samples with a high diffraction efficiency in the beginning weakened
considerably. Raman measurements showed signs of structural changes too.
A decrease of 10% in the ratio of the P-O-P (with a bridging oxygen) to the
O-P-O (with two terminal oxygens) symmetric stretching modes indicates
that the ArF irradiation breaks some chemical bonds and rearranges the
network structure of the glass [67, 68]. This suggests that depolymerization
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Figure 4.5. Change in absorbance (Aa = —(1/1)logT;) due to
the UV-irradiation and annealing for undoped I0G-1 glass. Solid
line refers to the induced absorbance in the UV-irradiated sample
and dashed line to the induced absorbance in the UV-irradiated
and annealed sample. The thickness of the UV irradiation affected
layer was estimated to be 0.3 mm while the total sample thickness

was 1.5 mm.
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Figure 4.6. Change in absorbance (Aa = —(1/1) log T;) due to the
UV-irradiation and annealing for Er-Yb codoped IOG-1 glass. Solid
line refers to the induced absorbance in the UV-irradiated sample
and dashed line to the induced absorbance in the UV-irradiated
and annealed sample. The thickness of the UV irradiation affected
layer was estimated to be 0.3 mm while the total sample thickness
was 1.5 mm.
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takes place during the irradiation and the phosphate chains in the glass
matrix are shortened.
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Figure 4.7. Volume expansion height (circles) and diffraction effi-
ciency (squares) as a function of irradiation dose. The dashed lines
combining the circles/squares have been plotted for ease of viewing.

In this study, both UV-induced spectral changes and structural modifica-
tions were observed. However, the fundamental question about the domi-
nant mechanism behind photosensitivity could not be exclusively answered.
Should the material compaction have a more dominant effect, the induced
refractive index change should be negative since the stress-optic coefficient
of phosphate glass is negative [17, 69] and a volume expansion instead of
material densification was observed. Negative index changes produced by
irration at 193 nm could be also related to the color center model in a similar
manner as in a study by Verhaegen et al. [70]. The sign of the index change
was not confirmed in this study, so the possibility of a positive refractive
index change induced by the color centers should also be considered. The
high induced absorption near 190 nm that was observed also after thermal
annealing is so far the strongest evidence supporting the color center model.
This possibility is also supported by the study by Malo et al. [52] in which
they observed an increase in refractive index in Ge-free phosphorus-doped
silica-glass (flame brushed and hydrogen loaded) when irradiated at 193 nm.
The index change was related to the color center formation at wavelengths
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below 220 nm. It should be also pointed out that both color centers formed
at UV-wavelengths and the structural modifications can contribute to the
induced refractive change.

After annealing, UV-induced spectral changes were less permanent in Er-
Yb codoped IOG-1 glass and no structural modifications could be detected.
However, the UV-induced index modulation in Er-Yb codoped glass was an
order of magnitude smaller than in undoped 10G-1 glass. It is probable
that the UV-induced changes in Er-Yb codoped glass are too small to be
detected with the measurement accuracy available.



5 Low birefringence waveguides

Current DWDM networks utilize planar lightwave circuits in wavelength
routing. These circuits are mainly composed of relatively simple com-
ponents like directional couplers, Y-branches and filters. In recent
years several advanced on-chip integrated optical components for DWDM
networks were introduced.  These include arrayed waveguide multi-
plexer/demultiplexers [71], multimode interference couplers [72|, optical
add/drop multiplexers/demultiplexers |73-76|, and header recognition chips
for optical packet switching [77]. Most of these components have been
demonstrated either in silica-on-silicon platform where fabrication tech-
nologies similar to those used in the semiconductor industry can be uti-
lized |76, 78] or in glass substrates using ion-exchanged waveguides [74, 75].
However, these components typically feature an unacceptably high polar-
ization dependence |71, 75|. Since standard single mode fiber is not po-
larization maintaining, polarization insensitivity in connecting waveguide
components is a crucial requirement to be fulfilled in order to avoid polar-
ization dependent performance.

In this work, inherently low birefringence in ion-exchanged waveguides was
demonstrated. Special emphasis was put on the effect of birefringence de-
pendence on the waveguide width since many integrated optical compo-
nents are constructed of waveguides with varying widths. Both even and
odd modes were observed to have birefringence of the order of 107> or be-
low, which is low enough for most telecommunication applications. Low
birefringence of both the even and odd mode is of crucial importance in
OADMs based on mode conversion [74]. So far, it is one of the only on-
chip optical components that has potential to replace fiber-based compo-
nents utilizing bulky circulators in applications requiring numbers of ele-
ments [79, 80].
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5.1 Birefringence in ion-exchanged waveguides

When an isotropic material (like glass) is subject to mechanical stress it
may become optically anisotropic resulting in stress induced birefringence.
Stress can be either compressive or tensile. Typically compressive stress
increases the refractive index while tensile stress has the opposite effect [18].
In ion-exchanged waveguides, stress is built in since the exchanged ions
have different ionic radii and also because the thermal expansion of the
exchanged glass region and the substrate glass are different [17]. In a channel
waveguide the stress distribution built up during the waveguide fabrication
is unisotropic and has dependence on both x- and y-coordinates:

O-x(xvy) 7é O'y(CC,y) 7é O-Z('T7y)7 (51)

where o,, 0y, and o, are the stress components along x, y, and z-axis
(z-axis being a normal to the surface). Since diffusion has greater ingress
in the y-direction than in the z-direction, and because the waveguide can
slightly expand along the normal to the surface, the stress component in the
x-direction is smaller than in the y-direction (o, < o) [17]. The refractive
indices for quasi-TE- and quasi-TM-modes depend on the stress components
0z, 0y, and o in the following way [17]:

nre = ng + Cioy + Cy (0, +02), (5.2)

nryp = ng + Croz + Co (Uy—l-Uz), (53)

where ng refers to refractive index without stress, and €7 and Cy are the
elasto-optical coefficients of the glass (Note that C, > C7 in most glasses [14,
17, 81|, and here Cy and Cy are taken as positive, therefore for compressive
stress o, > 0). It has been observed that in Ag® — Na™' jon-exchanged
waveguides nry > nrpg, indicating compressive stress [17, 82].

Along with stress induced birefringence, the asymmetric refractive index
profile of a typical ion-exchanged waveguide also contributes to the waveg-
uide birefringence. This type of birefringence is called form birefringence.
Form birefringence produces greater effective refractive index for the quasi-
TE mode because the index profile has wider lateral dimensions. In diffused
waveguides, form birefringence can be reduced by waveguide burial and /or
by thermal annealing that shape the index profile to a more symmetric
direction. Burial also reduces the effect of surface on form birefringence, re-
sulting in a more symmetric index profile. In this work (publication I1I), it is
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shown that buried Agt —Na™ ion-exchanged waveguides have inherently low
birefringence that can be further reduced by matching form birefringence
with the opposite sign stress induced birefringence through thermal anneal-
ing. It is also observed that low birefringence can be obtained for a wide
range of waveguide widths. This is in contrast to silica-on-silicon waveguides
for which low birefringence is attainable only for a rather limited range of
waveguide widths [83].

5.2 Low birefringence in buried ion-exchanged

waveguides

The waveguides were fabricated into BGG31 glass by molten salt ion ex-
change as described in Chapter 2 followed by a burial process. Burial was
performed for 2400 s at T = 250°C with an applied field of 640 V/mm.
Due to the differing self-diffusion coefficients, wider waveguides get buried
deeper [84]. With the burial parameters used in fabrication, the depth of
the waveguides with mask opening widths from 2 pm to 10 pm varied from
5.6 pm to 6.8 pm.

The waveguide birefringence was defined using a difference interferometer
approach described in Ref. [85]. Results before annealing are presented in
Fig. 5.1 (crosses). It can be observed from Fig. 5.1 that birefringence for all
waveguide widths is low, of the order of 107 or below. As expected, waveg-
uide birefringence increases as a function of mask opening width, which is
mainly due to increasing form birefringence. For all waveguide widths, the
effective index of the quasi TE-mode is larger than the effective index of the
quasi TM-mode, i.e., nefrrE > Neff M-

The effect of annealing on waveguide birefringence is shown in Fig. 5.1.
Annealing for 15 min at 250°C reduces the waveguide birefringence only
slightly. However, the effect of 45 min total annealing is already sig-
nificant. Birefringence is of the order of 107% or below, and interest-
ingly, birefringence for the two narrowest waveguides has changed the sign,
meaning nesrry > Nefpre- Annealing for another half an hour gives
Nefr,rM > Neppre for all the mask opening widths. Further annealing
starts to show signs of saturation, which was expected. As it was explained
above, stress-induced birefringence favors higher effective index for TM-
mode while form birefringence favors TE-mode. During annealing, ions
forming a waveguide diffuse further, and the mode profile becomes more
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Figure 5.1. Waveguide birefringence (nef¢re — nersrar) for dif-
ferent mask opening widths. Crosses refer to waveguides before an-
nealing, open circles to waveguides annealed for 15 min at 250°C,
diamonds to waveguides annealed for 45 min, squares to waveguides
annealed for 75 min, and filled circles to waveguides annealed for

105 min.
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Figure 5.2. Gaussian fits of waveguide birefringence vs. annealing
time for waveguides with mask opening widths of (a) 2 um and (b)
10 pm.

symmetric reducing form birefringence. With long enough annealing, the
effect of form birefringence approaches its minimum and the residual bi-
refringence is primarily due to stress-induced effects. Based on the data in
Fig. 5.1, birefringence seems to have a Gaussian dependence on annealing
time. Values for stress induced birefringence in each individual waveguide
were estimated from the saturated values of birefringence through fitting
a Gaussian function (y(t) = aexp (—bt?) + ¢, where a, b, and ¢ are fitting
parameters) to the data in Fig. 5.1. The results of the fitting are shown in
Fig. 5.2. According to the fitting results, birefringence saturates between
values of —4.1 x 1076 and —0.38 x 107%. Narrow waveguides show higher
residual birefringence than the wider ones. This can be either due to the
more pronounced stress-induced birefringence in narrow waveguides or due
to higher form birefrigence in wide waveguides. However, the birefringence
dependence on waveguide width is less pronounced in case of residual bi-
refringence.

The above results suggest that zero birefringence can be obtained for an
individual waveguide if the annealing time is adjusted properly. This might
have significance as certain sensor applications require birefringence as low
as 1077 [10, 11]. Tt should be noted that the measurement accuracy is
only 1 x 1079, therefore a more accurate birefringence measurement method
should be used for these sensor applications in order to define the precise
annealing time.
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5.3 Birefringence of the second order (odd) mode

Integrated optical add-drop multiplexers such as those suggested in
Refs. [73-76] require low birefringence not only for the fundamental (even)
but also for the second order (odd) mode. This is why it is important to
define the second order mode birefringence, too. The results presented here
have been studied in more detail in publication IV. The difference inter-
ferometric approach utilized in measuring birefringence of the even mode
could not be used in case of the odd mode because of the stability issues in
coupling the odd mode into the waveguide, therefore, another measurement
method was chosen. In this approach, a Bragg grating is utilized in order
to measure the slightly different effective refractive indices of the quasi-TE
and TM modes. According to the Bragg condition, reflection takes place at
wavelengths given by:

A =2ngppA, (5.4)

where A is the reflected wavelength, A is the period of the Bragg grating,
and neysy is the effective refractive index of the mode. Each mode has a
characteristic effective refractive index, and therefore they are reflected at
slightly different wavelengths. The modal birefringence therefore appears
as a polarization dependent wavelength (PDW) shift given by

AN = 2AAn, s, (5.5)

where AN = Arg — Ay is the measured PDW shift, and Angy, is bi-
refringence to be defined.

The reflected wavelengths for different modes were measured using the setup
presented in Fig. 5.3. A broadband light source (ASE) is used to excite
simultaneously the modes supported by a waveguide. A fiber circulator
couples the light source to the waveguide through ports 1 and 2, and the
reflected spectrum is connected to the optical spectrum analyzer (OSA)
through port 3. A fiber polarizer (FP) is used to selectively couple either
the quasi-TE or -TM polarization state to the waveguide. The power in
the unwanted polarization state is minimized by monitoring the transmit-
ted power in this polarization state while tuning the polarization controller
(PC). The PDW shift is the wavelength difference between the quasi-TE-
and TM-mode reflection peaks. Accuracy of this method is restricted by the
OSA resolution and the wavelength repeatability. According to the manu-
facturer, the OSA (Ando, model AQ6317) used in these measurements has a
resolution of 0.015 nm or better and a wavelength repeatability of 0.005 nm,
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Figure 5.3. A setup for measuring PDW shift.

which is equivalent to a minimum detectable PDW shift of 0.020 nm or bet-
ter, corresponding to birefringence of 2 x 10~°. The method described above
also includes the possible effect of the grating induced birefringence. Bragg
grating is a crucial part in most OADMSs |74, 75|, and therefore it is impor-
tant to study if the grating increases polarization sensitivity of the device.
Usually UV-exposure induces some birefringence on devices [86, 87]. The
effect of the grating induced biregringence was studied by comparing results
from two different gratings with reflectivities of 60% and 40%, referred to
here as a strong and a weak grating.

The results for even and odd mode birefringence as a function of mask open-
ing width are shown in Figs. 5.4 and 5.5, Fig. 5.4 referring to birefringence
with a strong grating and Fig. 5.5 referring to birefringence with a weak
grating. It can be seen from Figs. 5.4 and 5.5 that birefringence is below
the measurement accuracy of the OSA, i.e., below 2 x 107°.

It can be concluded that these ion-exchanged waveguides with birefringence
of the order of 107 or below are suitable for most optical communications
applications. It is noteworthy that low birefringence can be obtained for
both the even (fundamental) and odd (second order) mode for a wide range
of waveguide widths. This result has significance in integrated optical add-
drop multiplexers, dispersion compensators, and all-optical packet header
recognition chips. This low birefringence for both even and odd modes in
a wide range of waveguide widths would be difficult to obtain with other
media for integrated optics, such as silica-on-silicon, although birefringence
issues have more or less been solved for single mode waveguides. Several
approaches to reduce or compensate for birefringence have been suggested
in connection with the leading waveguide technology, silica-on-silicon. Typ-
ically, these methods include stress tailoring of the cladding layers [88, 89|



x 10 x 10"
15 = 15 .
$ 05 $ 05 ¢ PY
g o ¢ ¢ g 0
®-05 ol * | $-05
m -1 * Iy 1 [ |
-1.5 o -1.5 *
2 3 4 5 2 3 4 5
Mask opening width (um) Mask opening width (um)
@) (b)

Figure 5.4. Birefringence with a strong waveguide Bragg grating
for different mask opening widths. (a) Even and (b) odd mode.
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Figure 5.5. Birefringence with a weak waveguide Bragg grating
for different mask opening widths. (a) Even and (b) odd mode.
Circles, squares, and diamonds refer to different measurements from
waveguides with the same mask opening width.
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or UV-trimming [90] resulting in waveguide birefringence of the order of
1077 [91]. Stress reduction through etching strain relieving grooves on both
sides of the waveguide |78, 92] and integration of birefringence compensating
devices into the chip have also been suggested [93]. The major drawback
common in all these methods is that they require additional processing
steps, and therefore increase the complexity of the device fabrication. Also,
this low birefringence for both even and odd modes in a wide range of waveg-
uide widths would be difficult to obtain in silica-on-silicon waveguides [83)].



6 Erbium-ytterbium codoped

glasses

6.1 Atomic properties of lanthanides

Rare-earth elements are divided into two groups: Lanthanides with an
atomic number (Z) between 57 and 71 and actinides with an atomic num-
ber between 89 and 103. Lanthanides form a special group among elements.
They have a Xenon core structure with full 5s and 5p shells, the next avail-
able shell being the 4f. Usually the successive electron shells surrounding
the atomic nucleus have monotonically increasing radii but in case of lan-
thanides the outer 4 f electron shell contracts and becomes bounded by the
energetically lower 5s and 5p shells. This makes lanthanide ions relatively
insensitive to the host material, therefore, lanthanide ions in a host material
preserve their narrow atomic-like optical spectra with characteristic 4f-
41N optical transitions [22]. Lanthanides are most commonly available in a
trivalent form with the two loosely bound 6s electrons and either 5d or one
of the 4f electrons being removed. There are a multitude of states in the
4 f-shell to where electrons can be excited. Unlike in semiconductors and in
metals, the localized lanthanide 4f wavefunctions result in weak coupling
with the crystal vibrations reducing considerably the nonradiative transi-
tion rate requiring phonon interaction. All these things make lanthanide
ions in a crystal host a favourable choice of material for efficient narrow
linewidth lasers. The most common lanthanides used in laser applications
are erbium (laser transition at ~ 1535 nm), ytterbium (laser transition at
~ 980 nm and ~ 1064 nm), and neodymium (laser transition at ~ 1064 nm).
In fiber optical telecommunication amplifiers, lanthanides deployed include
praseodymium (~ 1300 nm), thulium (~ 1470 nm), and most commonly
erbium (1530 nm -1565 nm). Unlike lasers, optical amplifiers benefit from
a broad gain spectrum. The crystal lattice destroys the spherical atomic-
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like symmetry and causes splitting of atomic LSJ-multiplets. This is called
Stark splitting and it is responsible for the broadening of the gain spectrum
in lanthanide doped materials.

6.2 Cross sections

Cross sections describe the capability of an atom or ion to emit or absorb
light. Absorption (o12) or emission (o21) cross section is a proportional-
ity constant between the absorped/emitted power and the incoming light
intensity at a given frequency:

Pabs = 0'12[, (61)
Pem = 0'21]. (62)

Absorption and emission cross sections can be estimated by Einstein’s A
and B coeflicients derived for stimulated emission and absorption, and for
spontaneous emission. The probabilities for stimulated emission and ab-
sorption and for spontaneous emission depend on the population N; of the
energy level. We can therefore write differential equations describing the
emission and absorption phenomena:

dNo
_ = — N- .
< dt )induced W21 > (6 3)
dNq
— = —Wia N 6.4
( dt >induced S ( )
and N
=2 = — Ay N, (6.5)
dt spontaneous

where Wirduced jg the transition rate for stimulated emission, Wipduced jg
the transition rate for stimulated absorption and As; is the spontaneous
emission rate. In a model proposed by Einstein [40], the induced transition
rates between the lower and upper laser levels are both proportional to the
photon flux density p(v) at a frequency v:

Windueed — By, p(v), (6.6)
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Wigdeeed = Bop(v), (6.7)

where By1 and Bjpo are proportionality constants for induced emission and
absorption rates. The total downward transition rate is obtained by adding
the effect of spontaneous emission:

Wy = Bglp(V) + A21, (6.8)

while the total upward transition rate is that given solely by the induced
absorption:

ng = Blgp(l/). (69)

Since the magnitude of the proportionality constants Bs; and B depends
on the atoms or ions, not on the radiation field, Einstein was able to deduce
the expressions for By and Bis,

Bis = Baa, (6.10)
as well as for the spontaneous emission transition rate Asq,

Ay 8mnihy?
By & (6.11)

by assuming thermal equilibrium conditions with a blackbody radiation field
at (absolute) temperature 7' given by:

B 8mnihr? 1

p(V) - C3 ehll/kT - 17 (612)

where n is the refractive index of the medium, h is Planck’s constant, c is
the vacuum speed of light and & is Boltzmann’s constant. Einstein’s A and
B coefficients are linked to the emission and absorption cross sections, o1
and o9, through equations:

hvn

h
o2 (v) = ——=Baugn(v) = T Bagn(v), (6.13)

hvn

h
o12(v) = 7312912@) = XBmgm(V), (6.14)
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where go1(v) and g12(v) are the normalized emission and absorption line-
shape functions. Also, the radiative lifetime (reciprocal of the spontaneous
emission transition rate) can be given in terms of emission or absorption
cross sections in the following way:

1 8mn? 8mn? g
— Aoy — dy = — 2= d 6.15
o= An =0 /Uzl(V) v " /012(V) v, (6.15)

where X is the transition wavelength in vacuum and g; and go are the
degeneracies of the lower and upper laser levels. Equations (6.13)-(6.15)
constitute Ladenburg-Fuchtbauer relations and they enable the calculation
of the emission cross section and the radiative lifetime through measur-
ing the absorption cross section and the fluorescence spectral profile [22].
Ladenburg-Fuchtbauer relations require that either all the sublevels in a
multiplet corresponding to the upper or lower laser level must be equally
populated or the transition strengths between the sublevels are all equal,
though, in general, this is not the case. For example, in the important case
of the lower levels of an erbium ion (*I;5 /2 145 /2) the spread in the energy
of the sublevels is larger than the thermal energy k7', and in addition, the
transition strengths in all glasses are quite sensitive to the Stark levels in-
volved [94]. Thereby, the Ladenburg-Fuchtbauer assumptions are violated
and the relations no more provide adequate estimates for the emission cross
section. Further improvement to Einstein’s model was later introduced by
McCumber [95, 96]. McCumber reformulated the Ladenburg-Fuchtbauer
relations by making an assumption that the time to establish the thermal
equilibrium within the manifold is short compared to the lifetime of that
particular manifold, and that the populations of the sublevels obey Boltz-
mann statistics. The relation between the emission and absorption cross
sections according to McCumber theory takes the form:

o91(v) = o1a(v)elTMI/RT (6.16)

where € is the mean transition energy between the two manifolds. The
radiative lifetime according to McCumber theory becomes

1 8mn? 9
L / V200 (v)d. (6.17)

Miniscalco and Quimby [94] demonstrated the validity of the McCum-
ber theory by comparing the emission cross sections calculated according
to (6.16) with the exprimentally measured cross sections from Er-doped sil-
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ica, silicate, and fluorophosphate glasses. McCumber theory provides abso-
lute values as well as spectral information of the cross sections while the most
striking disadvantage of McCumber theory is that it requires knowledge of
the electronic structure of the dopant ion, which is usually complicated to
obtain. Miniscalco and Quimby introduced a simplified phenomenological
procedure to calculate the mean transition energy, €. The cross sections
obtained by McCumber analysis are in a good agreement with the experi-
mental results while the Einstein’s method overestimates the emission cross
section typically by over 25%.

6.3 Lifetime

Excited electrons can decay to lower available states either through radia-
tive (photon-assisted) or nonradiative (phonon-assisted) transition paths.
Excited state lifetime is given by:

1 1 1
e (6.18)

T Ty Tnr
where 7, and 7, refer to radiative and nonradiative lifetimes.

The intra 4f" transitions would violate the parity conservation rule and
are therefore "forbidden electric dipole" in nature. Consequently the ra-
diative lifetimes in the rare earths tend to be long, on the microsecond or
millisecond order [22]. The reason why transitions between 4V states exist
is explained by the presence of a small number of excited opposite parity
4fN=1nl configurations [97]. Other mechanisms (low in efficiency) enabling
the intra 4/ transitions include magnetic dipole transitions (must satisfy
the selection rules) and odd-parity terms in a crystal field Hamiltonian (only
for non-centrosymmetric crystals).

Nonradiative transitions require coupling between the lattice vibrations and
the rare earth energy states, and are therefore host specific. The transition
probability can be linked to the number of phonons required to bridge the
energy gap (m = AFE/hw, where AFE is the energy gap and fw is the phonon
energy) [98, 99]. The transition probability decreases with the number of
phonons required to bridge the gap. As phonons obey Bose statistics, there
is also a temperature dependence in the transition probability. Nonradiative
lifetime can be expressed as a function of phonon number m and tempera-
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ture T
(L) — (i) [1 _ (—hw/kT) 7m’ (6.19)
Tnr m,T Tnr m,0
1

where (T—> represents the transition rate at zero temperature. Nonra-
nr m,o

diative transition rate at T' = 0 decreases exponentially with the number of
bridging phonons. The nonradiative transition rate thus becomes:

<i> — Ce—1AB) [1 _ o(hw/kT) |7 (6.20)
m, T

Tnr

where parameters C' and ~ are experimentally determined constants.

6.4 JIon-ion interactions and excited state absorp-

tion in erbium doped glasses

At high Er?* ion concentrations, the interaction between ions becomes a
limiting factor for the amplifier/laser performance. Several effects, includ-
ing upconversion, excited state absorption (ESA), excitation migration and
nonradiative quenching, affect detrimentally the small-signal gain and the
pump threshold. These interactions take place because of energy transfer
between ions in phonon or virtual photon mediated processes. The order of
magnitude of these effects is host specific. Some hosts can incorporate sig-
nificantly higher concentrations of rare earth ions while other hosts have a
greater tendency to form ion clusters therefore providing more possibilities
for energy transfer between ions.

The most prevalent upconversion process in Er* doped glasses is a stepwise
upconversion depicted in Fig. 6.1 a. Here, an excited electron transfers its
energy to another excited electron in a neighboring ion promoting it to a
higher lying state while it simultaneously decays nonradiatively to a lower
lying state. In case of Er3* ions, upconversion can take place between two
excited electrons either at 4113/2 or ‘I, /2 level. The upconversion from
145 /2 state reduces the population inversion through reduced radiative life-
time of the level with a consequent increase in the pump threshold and
decrease in the small-signal gain. Upconversion from both energy states
becomes more significant at high pump powers because the probability for
two closely located ions in an excited state increases [22].
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Figure 6.1. Schematics of (a) stepwise upconversion and (b) ex-
cited state absorption processes.

The mechanism for ESA is depicted in Fig. 6.1 b. In this process, the elec-
tron at I3 /2 state absorbs either a pump or a signal photon futher exciting
to 4S5 /2 Or 1R, /2 state (in case of 980 pumping). The de-excitation from
48, /2 state is responsible for green light emission in Er3*t doped amplifiers
and lasers. As well as upconversion, also ESA decreases the maximum gain
and the pump efficiency by reducing the population inversion. This effect
becomes more pronounced at high pump energies [22].

Other ion-ion interactions worth mentioning are excitation migration and
nonradiative quenching. Excitation migration involves neither gain nor
loss of energy but may become a limiting factor for the perfomance if the
Er3t ion participating in the process is coupled to nonradiative quench-
ing sites. Nonradiative quenching sites are abundant in glasses with high
water content (OH-vibration is resonant with the Er3t 414 /2 to Tys /2 tran-
sition [100, 101]).
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6.5 Optical properties of erbium-ytterbium
codoped phosphate glass

The energy levels of an erbium-ytterbium codoped laser system are depicted
in Fig. 6.2. Erbium-ion doped glass lasers are often codoped with ytterbium
ions since the excited Yb®" ions are able to transfer energy to the ground
level Er®t ions. The absorption cross section of Yb3* ions is an order of
magnitude higher than the absorption cross section of Er** ions at the most
common pump wavelength of 980 nm [24|. At this wavelength, there are
available plenty of inexpensive and efficient single- and multimode diode
lasers. The pump wavelength of 980 nm is also more efficient over the
1480 nm pump wavelength because the Er-Yb-codoped laser operates as a
three level laser system at this wavelength resulting in higher population
inversion.

Phosphate glass has a high solubility of rare-earths compared with more
commonly deployed silica and silicate glasses without significant radiative
lifetime reduction due to the excited state absorption and up-conversion
effects. This enables high gain values in short cavity lengths which is a
desirable feature in laser applications. The measured upconversion coeffi-
cients (from *I;3/5 state) with an erbium concentration of 1 x 1020 cm™3 in
phosphate glass are of the order of 107 cm3/s [24, 102, 103] while those
measured from silica and silicate glasses with comparable erbium concen-
trations are at least an order of magnitude higher [104-106].

As mentioned above, radiative lifetimes are relatively long in rare-earth
doped glasses due to the "forbidden electric dipole" nature of the transi-
tions. The lifetime of the *I;3 /2 level in phosphate glass is approximately
7-8 ms |24, 102, 107| while in silica glasses the lifetime is 10-11 ms [108, 109]
and in silicate glasses it is 12-15 ms [22, 108, 110]. The lifetimes of the
higher lying levels (*Iy; /2 and above) are considerably shorter due to the
higher nonradiative transfer rates. The phonon energies in lanthanide doped
glasses are high to ensure short lifetimes for the higher lying levels. The
phonon energy is especially high in phosphate glass resulting in a very short
lifetime of 1 us of the Iy, /2 level [110] (in silica glass it is 7 ps [111] and
in silicate glass 10 ps [110]). This gives an advantage to phosphate glass in
Er-Yb codoped laser systems since it reduces considerably the energy back
transfer rate from the Er®t 41, /2 level to the Yb3t 2F, /2 level.
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Figure 6.2. A schematic picture of the energy levels of an Er-
Yb-codoped laser system. wj; refers to the induced transition rate
between the corresponding energy states, Aj; refers to the sponta-
neous emission rate from various states, Rg is the energy transfer
and Ras is the energy back transfer rate between Yb3* and Er3*
ions. worsa and wigsa refer to the excited state absorption rate
from 415 /2 and T, /2 states, respectively. Cy and Cg refer to up-
conversion coefficients from 414 /2 and I /2 states.
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7 Waveguide lasers

Planar glass waveguide lasers provide some important benefits over widely
deployed semiconductor and fiber lasers. The excited state lifetimes of
the order of milliseconds in glass materials result in inherently lower noise
in waveguide/fiber lasers compared with their semiconductor counterparts
having lifetimes of the order of nanoseconds. Higher noise in semiconductor
lasers can be associated with their higher spontaneous emission rate. Noise
causes undesirable fluctuations in intensity, phase, and center frequency.
Phase fluctuations are responsible for the linewidth broadening while inten-
sity fluctuations result in a reduced signal-to-noise ratio (SNR). Thus, due
to the longer lifetimes in glass lasers, significantly narrower linewidths can
be obtained compared with semiconductor lasers.

In glass lasers relaxation oscillations take place at frequency of ~ 500 kHz
whereas in semiconductor lasers relaxation oscillations occur at ~ 1 GHz
making relative intensity noise a serious problem in modelocking applica-
tions at high repetition rates (above 1 GHz). Lower spontaneous emission
rate in glass lasers has also enabled demonstration of modelocked lasers
with low timing jitter [112-114]. Timing noise is affected both by frequency
noise, which can couple to timing noise through group velocity dispersion,
and by intensity noise [115].

In contrast to fiber lasers, waveguide lasers realized on glass substrates
allow chip-scale integration of other components, such as pump couplers
and power dividers, and enable monolithic integration of multiple optical
transmitters at different wavelengths. As discussed in Chapter 6, high gain
values can be achieved in waveguides in rare-ecarth doped phosphate glass
substrates. Therefore, waveguide lasers can be made short enabling mode-
locking at the fundamental round-trip frequency instead of higher harmonics
utilized in fiber lasers that easily lead to super-mode or pattern noise prob-
lems [116]. A drawback in glass based lasers is that they require optical
pumping in contrast to semiconductor lasers that can be pumped electri-
cally. However, Er-Yb-codoped glass waveguide/fiber lasers benefit from
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the well-established pump diode lasers developed for the Er-doped fiber
amplifiers.

7.1 Short cavity Er-Yb-codoped Ag-Na ion-

exchanged waveguide lasers

Several studies have shown that in long haul transmission systems, it is
beneficial to use the return-to-zero (RZ) pulse format instead of the non-
return-to-zero (NRZ) pulse format since undesirable nonlinear effects can
be more easily avoided with the RZ pulse format [117-119]. However, the
RZ pulse format is more vulnerable against dispersion due to its larger
bandwidth, and also configurations providing the RZ pulse format are more
costly, thereby making the NRZ pulse format better in short-distance net-
works [120]. Compact mode locked lasers operating at 1550 nm region with
high repetition rates (10 GHz and above) would provide an ideal, cost-
effective RZ pulse source for optical transmitters. Good pulse quality of
mode locked lasers improves the signal-to-noise ratio (SNR) enabling scal-
ing to higher repetition rates through optical time division multiplexing
(OTDM).

Semiconductor Saturable Absorber Mirrors (SESAMs) provide a compact,
cost-effective way to realize mode locking (or Q-switching). Passive, self-
starting modelocking of a CO» laser by a SESAM was first demonstrated in
1974 by Gibson et al. [121]. Since then, SESAMs have been fabricated for
wavelengths ranging from the visible to infrared. Pulse repetition rates as
high as 160 GHz can be achieved [122]. Pulse durations as short as 6.5 fs
have been demonstrated [123] thus approaching the pulse lengths obtained
by Kerr lens modelocking [124, 125].

High gain value in short cavity length is a desirable feature in mode locked
lasers operating at high pulse frequencies (> 10 GHz) since the cavity length
sets the fundamental limit for pulse repetition rate. High small-signal gain
also reduces the risk of Q-switching, decreases the mode locking build-up
time and enables shorter pulses at steady state [126]. This is why Er-Yb-
codoped phosphate glass is an ideal gain-providing medium for mode locked
applications at 1550 nm wavelength region. Typical gain values lie between
3-4 dB/cm around 1550 nm wavelengths and in heavily Er-Yb-codoped
phosphate glasses, a gain value as high as 4 dB has been measured from
only a 3 mm long sample [127]. In phosphate glass, a pulse repetition rate



52

of 10 GHz is obtained with a cavity length of ~ 1 cm and by shortening
the length to ~ 2.5 mm, a pulse repetition rate of 40 GHz can be reached.
High repetition rates without Q-switching are difficult to achieve in Er-Yb-
codoped glasses because of the small emission cross section of erbium. In
spite of this, Zeller et al. [128] have demonstrated 40 GHz repetition rates
with 4.3-ps-short pulses with careful cavity and SESAM design optimiza-
tion. The first mode locked waveguide laser was demonstrated by Sclager et
al. [113] in 2002. They achieved 1-GHz repetition rate with a 2.2-cm long
K* — Na%t ion-exchanged waveguide in Er-Yb-codoped IOG-1 glass. Pas-
sive mode locking was performed by an InGaAs/GaAs multiple-quantum
well layer integrated with an AlAs/GaAs thin film stack as a saturable
absorber mirror.

In this work (publication V), it was studied whether short cavity Er-Yb-
codoped waveguide lasers fabricated by silver-film ion exchange could be
utilized as a gain providing element in a SESAM mode locked laser. 1-cm
long waveguide laser cavities were fabricated by ion exchange into Er-Yb-
codoped 1OG-1 glass with mask opening widths between 2 pym and 5 pm.
The corresponding mode profiles and dimensions were presented previously
in Chapter 3. Samples with three different combinations of Er- and Yb-
dopings were tested, and the laser performance of these cavities was mea-
sured using a set-up depicted in Fig. 7.1. A fiber-pigtailed single-mode
semiconductor diode laser emitting at 980 nm was used as a pump laser.
The laser cavity was constructed using a SiOy/TiO9 thin film stack as a
broadband 1550 nm mirror attached with index matching oil to the waveg-
uide facet while a SiO5/TiO9 thin film stack coated straight onto the fiber
was used as another mirror. The mirror coated on fiber was transparent at
980 nm and had a reflectance of 93% at 1550 nm wavelength region. Both
pump power and output power were coupled in/out through this fiber. A
980/1550 WDM coupler was used to separate pump and output power from
each other. Output power was measured by a power meter and the output
spectrum of the laser was detected by an optical spectrum analyzer (OSA).

The results are presented in Table 7.1. Output power of 18 mW with a pump
laser power of 182 mW was achieved from a multimode Er-Yb-codoped
waveguide laser with the best laser performance obtained from a sample
with the highest Er3*- and the lowest Yb3T-concentration. The output
powers of the two other samples were almost the same while the threshold
power was considerably higher for the sample with an Er®*-concentration of
1.25x 102 [ions/cm?] and Yb3*-concentration of 6.0 x 10 [ions/cm?®]. The
measured output powers are not in line with the best gain values measured
from the three different samples as high gain value should indicate high
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Figure 7.1. A setup for characterizing multimode Er-Yb-
waveguide laser cavities.

output power, too. The variation in gain and output powers measured
from two identical waveguides in the same sample was significant. It was
observed during the measurements that both the gain and the output power
values were sensitive to the alignment of the fiber through which pump
power was delivered and output power was extracted. It can be therefore
concluded that the differences in threshold and output powers as well as
in gain values reflect the quality of the fiber alignment, not necessarily
differences originating from the differing Er®* and Yb3T concentrations.
The results, however, provide an estimate for the output powers available
from 1-cm long Er-Yb-codoped waveguide lasers. A significant increase in
output power can be expected by optimizing the amount of output coupling.

Similar experiments were carried out by Veasey et al. [24] but with
KT — Na™ ion-exchanged waveguides. They were able to extract output
powers as high as 170 mW from 2.2-cm long samples using a tunable
Ti:sapphire laser as a pump laser (pump power ~610 mW) and an out-
put coupling of 20%. K+ — Na™ ion-exchanged waveguides have smaller re-
fractive index difference [14|, and therefore they are singlemode with wider
mask opening widths which, on the other hand, results in bigger mode vol-
umes, and furthermore, higher output powers. However, in modelocking by
saturable absorbers, it is the internal intensity that counts. Typical satura-
tion fluence of GaInNAs SESAM (operating at 1.3 pm wavelength region) is
10 pJ /em? [129]. With a typical absorber recovery time of 30 ps, the internal
intensity required to saturate the absorber is of the order of 3 x 10° W /cm?.
Considering the output coupling in these lasers was only 7%, the internal
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intensity inside the cavity is approximately 3.4 — 5.5 x 10> W/cm? with a
typical mode size in a surface waveguide. Therefore, it can be concluded
that the 1-cm long Er-Yb-codoped lasers presented in this work would be
efficient enough for mode locking applications utilizing GaInNAs SESAMs.

From these experiments, it is obvious that 40 GHz mode locking by
GalnNAs SESAMs would require more heavily doped phosphate glass sub-
strates. These kinds of IOG-1 substrates are available and gain values as
high as 4 dB have been reached from only 3-mm long samples [127].

Table 7.1. Threshold power, slope efficiency, output power and
gain for different erbium and ytterbium concentrations.

Cryp+ Cyps+ Threshold Slope Pout Gain
efficiency
[ions/cm3]  [ions/cm?] [mW] [%] [mW]  [dB/cm]
1.5 x 10%° 4.0 x 10%° 130 11 18 3.1
1.0 x 102 6.0 x 1020 154 8 13 3.5
1.25 x 10 6.0 x 10%° 170 8 11 4.3

7.2 Waveguide DBR laser with UV-written Bragg
grating

Fiber optics technology has greatly benefited from the discovery of photo-
sensitivity of silica-based fibers to UV-irradiation, which enables cost- and
time-effective fabrication of Bragg gratings into optical fibers. Fiber Bragg
gratings have made it possible to provide dispersion management, filter-
ing, sensing and wavelength control in fibers, and optical feedback in fiber
lasers [38]. They have replaced many bulky optical components tradition-
ally used in wavelength multiplexing. Today, fiber Bragg gratings are an
essential part of fiber lasers too [130-133].

UV-written Bragg gratings are expected to provide a multitude of opportu-
nities in integrated optics, too. So far, Bragg gratings have been used, e.g.,
in integrated optical add-drop multiplexers [74] in as discussed in Chapter 5.
Use of UV-written Bragg gratings in integrated optical waveguide lasers has
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awaited because it has turned out to be difficult to write gratings into glass
material that provides enough gain in short cavity lengths (phosphate glass).
Conventially, Bragg gratings have been fabricated by a lithographic process
that begins with spinning a resist layer on the sample, then patterning it
with standard photolithography and finally etching the Bragg grating into
glass [24, 134-137]. Another possibility is to use thin-film reflectors grown
either straight onto the waveguide facets or attached by some mechanism
(e.g. by using index matching oil) onto the waveguide facet. Both of these
approaches contain multiple steps in the clean room, and are therefore time-
consuming and expensive processes. Clearly, replacing these reflectors by
UV-written Bragg gratings would both simplify the fabrication process and
improve the laser efficiency (UV-written volume Bragg gratings are nearly
lossless and do not couple pump laser light out from surface waveguides).

It was only as recently as 2004 when Pissadakis et al. [138| first demon-
strated photosensitivity of Er-Yb-codoped IOG-1 phosphate glass. They
fabricated a thin (3 pm-thick) surface-like grating operating in the Raman-
Nathan regime by irradiating Er-Yb-codoped IO0G-1 glass with KrF ex-
cimer laser emitting at 248 nm. UV-irradiation resulted in an index change
of 2 x 1073 in a silver-sodium ion-exchanged sample. Only a small index
change of the order of 107> was observed in a pristine sample. This kind
of a surface grating would not work as a mirror in waveguide lasers for two
reasons: 1) surface grating at the pump input side would couple out the
pump laser power at 980 nm propagating close to the surface, 2) a surface
grating with a relatively low index modulation would not provide enough
optical feedback for lasing.

In this work (publication VI), it was observed that fabrication of a high qual-
ity volume grating in Er-Yb-codoped phosphate glass is indeed a complex
task. With improved optical coherence, volume waveguide gratings with
maximum reflectance of only 15% were obtained (see Chapter 4). For typ-
ical laser applications, however, reflectance above 70% should be obtained,
which is why another approach was adopted. As we have seen in Chapter 4,
it is possible to write narrow-band high reflectance waveguide gratings into
undoped 10G-1 glass. In view of this, we made use of hybrid glass which
is a substrate composed of both Er-Yb-codoped and undoped parts bonded
to each other [139]. The Bragg grating was written to the undoped part of
the hybrid substrate, and it served as a wavelength selective cavity mirror
as well as the output coupler of the laser. The Er-Yb-codoped part of the
hybrid glass provided the gain required for the laser operation. The Er-
and Yb-concentrations were 1.0 x 10%° ions/cm? and 6.0 x 10%° ions/cm?,
respectively.
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The Bragg grating was written through a phase mask with an ArF pulsed
excimer laser. Unlike in the case of the fabrication of the grating with
reflectivity of 44% (see Chapter 4), beam expanders were used. This resulted
in improved spatial coherence but reduced the fluence to 140 mJ/cm?. The
exposure time was 30 min and the laser was run at a frequency of 100 pps. A
phase mask with a period of 1065 nm was designed so that the Bragg grating
in IOG-1 glass would have a peak reflectance at 1535 nm corresponding to
the gain maximum of Er-doped glass. The waveguide was fabricated after
the grating writing.

In Fig. 7.2, the transmission spectra of a 1-cm long waveguide grating for
both quasi TE- and TM-polarizations are presented. The transmission mini-
mum occurs at 1534.71 nm (TE) and at 1534.52 nm (TM) with a peak
reflectance of 80%. The grating period (533 nm) calculated from the Bragg
law corresponds well with the phase mask period divided by two (the the-
oretical period produced into glass). A polarization dependent wavelength
shift of 0.2 nm was observed corresponding to a waveguide birefringence of
10—, This is not surprising for a surface waveguide in which the proximity
of the surface causes more form birefringence than in buried waveguides
where birefringence is of the order of 1075 or below (see Chapter 5). A fiber
coated with a SiO2/TiO9-thin film stack aligned with the waveguide facet
in the Er-Yb-codoped part of the substrate was used as another cavity mir-
ror. Pump power from a fiber-pigtailed semiconductor diode laser emitting
at 980 nm was also delivered through this fiber. The thin film stack was
designed to have transmittance close to 100% at the pump wavelength of
980 nm and reflectance close to 100% at 1550 nm wavelength region.

Since the post-bake annealing could reduce significantly the strength of the
UV-written grating, the annealing was performed at 225°C in three steps.
After each annealing step, the laser performance was tested. Also the Er-
Yb-codoped waveguide length was shortened between the annealing steps.
It was deduced from the green light emission (due to ESA) that all avail-
able pump power was consumed in a length shorter than the waveguide
length in the Er-Yb-codoped part of the substrate, the rest of the Er-Yb-
codoped part of the waveguide being underpumped and adding therefore
to losses. Shortening the sample increased pump efficiency resulting in im-
proved output power and reduced threshold power. The results between
the consecutive annealing steps are shown in Table 7.2. As expected, the
threshold power required for lasing steadily decreased with sample annealing
and shortening, while the output power and the slope efficiency increased.
During annealing, the silver ions diffuse further into glass. Annealing also
increases the mode size and smoothens the index profile, therefore reducing
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Figure 7.2. Transmission spectra of a UV-written waveguide
Bragg grating. The solid line refers to quasi TE-polarization and
the dashed line refers to quasi TM-polarization.

coupling and propagation losses. In addition, it improves the mode overlap
between the pump and the signal. After the first annealing step, lasing
was obtained only when using two pump lasers (the output signal was sep-
arated from the pump signal using a 980/1550 WDM-coupler). After the
final annealing step, an output power of ~ 9.0 mW could be extracted from
the sample with a pump power of 200 mW the threshold being ~ 135 mW.
Slope efficiency was 13.9%. The laser output power as a function of pump
power is presented in Fig. 7.3. Annealing altogether for 120 min at 225°C
did not reduce the grating strength. The lasing wavelength decreased from
1534.77 nm to 1534.50 nm with annealing because the effective index of
the propagating mode decreases due to smaller maximum refractive index
difference, a characteristic feature of diffused waveguides. In the inset of
Fig. 7.3, the laser output spectrum revealing a singlemode operation is pre-
sented. The OSA resolution was 0.07 nm. Output power of 9 mW is high
enough to provide good SNR but still low enough to avoid undesirable non-
linear effects in optical fibers.



o8

Table 7.2. The effect of shortening and annealing of the sam-
ple on threshold and output power, on slope efficiency and lasing
wavelength.

Sample Annealing Ppump  Pout P Slope Alasing
length time (Max) efficiency
[mm] [min] [mW]  [mW] [mW] (%] [nm]
24 90 315 0.6 260 0.7 1534.77
19 100 200 3.8 148 6.1 1534.71
14 120 200 9.0 135 13.9 1534.50
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Figure 7.3. DBR laser output power of as a function of pump
power. DBR laser utilizes a waveguide Bragg grating as a wave-
length selective element as well as another mirror. The laser output
spectrum is presented in the inset.



8 Summary

Diffusion parameters (the self-diffusion coefficient of Ag™ ions and the ratio
of self-diffusion coefficients of Ag™ and Na™ ions) in IOG-1 phosphate glass
have been determined for the silver-film ion exchange process at tempera-
tures 90°C (ion exchange) and 230°C (thermal post-bake). These parame-
ters have significance in designing and modeling waveguide components in
I0G-1 glass.

A method for fabricating waveguides with negligible birefringence has been
demonstrated. This method includes waveguide burial and thermal post-
bake annealing. Low waveguide birefringence has been demonstrated for
both fundamental (even) and second order (odd) mode for a wide range of
waveguide widths. This approach can be utilized to fabricate waveguide
components (such as OADMs) with polarization independent operation.

An extensive study on photosensitivity properties of phosphate glass has
been carried out. High quality narrowband waveguide gratings in undoped
phosphate glass have been demonstrated. A singlemode waveguide laser uti-
lizing a UV written grating as another mirror was demonstrated in hybrid
phosphate glass. The waveguide Bragg grating was written with a pulsed
ArF excimer laser emitting at 193 nm. A waveguide grating in Er-Yb-
codoped phosphate glass with a reflectivity of 15% has been demonstrated,
this time written with a KrF excimer laser emitting at 248 nm. In both
cases, the Bragg grating was exposed prior to waveguide fabrication pro-
cess. It was assumed that silver particles produced during ion exchange
prevent UV light from penetrating deep enough into the glass to form a
volume grating. This conclusion is supported by the UV-Vis transmission
measurements carried out with both pristine and ion-exchanged phosphate
glass substrates. However, a thin surface grating with reflectivity of about
12% could be produced in an existing ion-exchanged waveguide. Future
work includes developing stronger Bragg gratings in Er-Yb-codoped phos-
phate glass as this would enable fabrication of compact, narrow linewidth
distributed feedback lasers at multiple wavelengths on a single chip.
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Short cavity waveguide lasers with multimode operation have been fabri-
cated and characterized. The internal powers obtainable from these 1-cm
long Er-Yb-codoped laser cavities are high enough for either Q-switching
or modelocking the laser cavity with a semiconductor saturable absorber
mirror directly attached to the waveguide facet. These laser cavities have
potential to operate as high repetition rate pulsed laser emitters in telecom-
munication systems. The 1-cm long cavities can produce modelocking at
10 GHz repetition rate. By further reducing the cavity length to 2.5 mm, a
40 GHz repetition rate could be achieved. However, such modelocked laser
cavities would require glass substrates with higher doping levels of Er and
Yb ions and these kinds of substrates are commercially available. Waveguide
Bragg gratings have also potential to improve the pulse quality transmitted
by a modelocked laser. Such waveguide gratings could be used to minimize
dispersion, and therefore, to obtain pulses with low timing jitter.
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