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Chapter 1

Introduction

1.1 Integrated optics and its applications

Integrated optics, in which optical devices are fabricated on a chip, is a rapidly expanding
field. Integrated optics differs from free-space optics in the way that functions that would
otherwise need bulky equipment in free-space optics, are combined on a single chip. Light
is confined within on-chip lightguides, called ’channel waveguides’. The concept of guiding
optical signals in lightguides is known since the early sixties. It was not until the late sixties
and early seventies, however, that the importance of integrated optics was realized [I], leading
to the first topical meeting on integrated optics in 1972 [2]. Low-cost optical fibers developed
in the early 1980’s have led to gradual replacement of metallic wires for telecommunication.
Meanwhile, improvements in micro- and nanolithography technology led to the introduction
of integrated on-chip optical circuits. Integrated optical circuits have many applications in
communications and sensing. In particular, Neodymium-doped (Nd) materials have appli-
cations in communications because of its emission in the second telecommunication window.
Various sensing applications and lab-on-a-chip systems not limited to this specific Nd-ion
have been proposed and are being investigated [3H6], and will become common in years to
come.

1.2 Integrated optical circuits

For integrated optics, a material is required that is transparent for the wavelength of light
that we intend to guide and this light must not be allowed to escape this material or be
absorbed in the material. This material is usually embedded within another material, or air,
having lower refractive indices. Light can be confined in the high-refractive-index material by
exploiting total internal reflection, in which light reflects internally at the interface between
the high refractive index material and the low refractive index material. By confining light
in a thin layer and cascading several structures to manipulate the flow of light, an integrated
optical chip can be developed. Examples of structures to manipulate the flow of light are
waveguide directional couplers [7], used to couple light from one waveguide to another and
Bragg reflectors to reflect light in a waveguide [8, [9]. In this thesis, we will study and design
directional couplers for use in integrated laser devices. Instead of Bragg reflectors, we will
use Sagnac mirrors to reflect light in a waveguide [10].
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1.3 AlLQOj, a promising material for integrated optics

In 1986 a new material, AloOg, for integrated optics was demonstrated, with a higher refrac-
tive index than competitive glass materials, low losses, and high transparency over a wide
wavelength range [11]. Much research has been done on this material by IOMS and other
research groups. At IOMS, this material has been optimized for use in integrated optics, by
developing a way to etch this material and to obtain low-loss channel waveguides [12]. Various
rare-earth ions such as Er™ and Nd?* can be implanted in this material to obtain optical
gain at wavelengths native to these ions. AlyO3 is an amorphous material and is compatible
with silicon-based technology. Due to the amorphous nature of the material, a broad emis-
sion spectrum is obtained. Its high refractive index allows for small integrated devices, as the
bending radii of such devices can be reduced compared to devices produced in other lower-
index materials. Furthermore, since the material can be deposited on SiOs layers, it can be
fully integrated with other silicon-based devices and can easily be patterned using standard
lithography and etching procedures. In this thesis, we will focus on Nd-doped Al,Oj3 to study
the optical gain at a wavelength of 1064 nm that can be achieved in this material. In case
sufficient gain can be obtained, the possibility to design integrated amplifiers and integrated
lasers opens up.

1.4 Overview of this thesis

Chapter [2] will focus on the gain in Nd-doped AlyO3. The theory of gain will be explained and
experimental gain results will be discussed and compared to gain obtained in other materials.
In Chapter [3| we will study an integrated Nd-doped AlsO3 waveguide laser by simulations. In
Chapter [4] waveguide channels and couplers will be investigated by simulations and compared
to experimental results. In Chapter [ the topic of integrated waveguide mirrors will be
treated. Finally, Chapter [6] will discuss the design of integrated channel waveguide lasers.



Chapter 2

Gain in Nd:Al,O5

2.1 Introduction

Optical gain on the Nd3* transition at 1064 nm in Nd-doped AlyOs channel waveguides
has been investigated and will be discussed in this chapter. If sufficient gain is obtained
this is interesting for Nd3* integrated amplifiers and integrated lasers in the AlyOs host
material. Optical gain in Nd-doped channel waveguides has previously been reported for
various host materials and different waveguide fabrication methods: a LiNbO3 host material
with channels fabricated by proton-exchange, yielding 7.5 dB of gain in a 5.6 mm long channel
[13], or 1.5 dB/cm in Nd:glasses with laser-written channels [14]. More recently, gain has been
demonstrated in Nd-doped sol-gel-based channel waveguides yielding 3.75 dB/cm of optical
gain [15], and polymer-based channel waveguides yielding 1.4 dB/cm of optical gain [16]. In
this chapter, the theory about the gain mechanisms in an active material, such as absorption
of pump light and stimulated emission leading to signal amplification, will be discussed. The
experiment for measuring the gain will be explained and the obtained results will be discussed
and compared to gain results reported in the literature.

2.2 Theory

2.2.1 The Nd ion

Gain in a passive material is achieved by incorporating active material into the passive mate-
rial. In this thesis, we will investigate optical gain in Nd-doped AlyO3. Neodymium (Nd) is
a rare-earth ion, with an electronic structure (Xe)4f45d°6s%. Nd can be implanted in AlyOs3,
replacing an Al ion. When a Nd ion is inserted into a host material, the 6s electrons and one
of the 4f electrons is used for binding, making the Nd-ion a triply ionized ion (Nd3*t). The
remaining 4f electrons cause a large number of energy levels. The Nd ions are implanted
in the Al;O3 by co-sputtering, while growing the AloOs layer.[I8] These rare-earth ions are
pumped into a higher energy state, and subsequently release their energy upon being trig-
gered by a signal photon. Figure shows the energy diagram of the Nd ion and it behaves
like a four-level system with the 4Fj /2 level having a significantly longer lifetime than the
iF, /2 level or the levels below the 1Py /2 level in Figure Radiative emission from this level
terminates on the “I;; /2 level, one level above the ground level. The simplest lasing energy
diagram includes pumping from the I, /2 ground level into the iF, /2 level. The short lifetime
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Figure 2.1: Energy levels of the Nd-ion. Arrows in the figure from left to right denote, repectively:
pump transition at 800 nm, cascaded multiphonon relaxations, various fluorescent transitions from
the 4F3/2 upper laser level, and upconversion (UC) processes. [17]

of this level, due to phonon relaxation, causes near-immediate nonradiative decay into the
long lifetime 4F; /2 laser level. Radiative decay from the o O /2 level into the 1, /2 level is
rapidly followed by nonradiative decay to the %I /2 ground level.

2.2.2 Level populations in thermal equilibrium

For atoms in thermal equilibrium, the population density ratio of two arbitrary levels with
population densities N7 and N» in [m ™3], and energy E; and Ej is described by Boltzmann

statistics:
No g2 |:E1 — Eo
— = 22 ex - =
N ¢ kgT

where g1 and go denote the degeneracies of the levels, kp is the Boltzmann constant and T
is the temperature. In case of a degenerate level, for example a level that has a degeneracy
of g = 2, both degenerate levels are at the same energy level and have to share the total
population. Note however that the total population has also increased because the probability
for an ion to occupy the upper level has also doubled! The total population density N; is the
sum of the population densities N;; of N;, j being a sublevel of i:

:| ,with Fy > By (2.1)

9i
N; => "N (2.2)
J=1

Consider a material with an amount of Np ions. In thermal equilibrium, level populations
decrease with increasing level energy. The fraction of ions in an arbitrary level N; can be
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Figure 2.2: Absorption (0,) and emission (o.) cross-sections for the Nd ion, measured using spec-
troscopy. Nd in AlsO3 has a strong absorption peak around A = 800 nm, and a strong emission peak
around A = 1064 nm. [19]

calculated by:
g; exXp [—Ei/kBT}
> i—19;exp [—E;/kpT]

so that the population N; equals N; = f; Np.

fi=

(2.3)

2.2.3 Absorption and stimulated emission

Consider an ensemble of ions, with population density N7 in thermal equilibrium, ie. no
external effects are present. A simplified case is considered with only two energy levels so
that Ny = Ny + N, ie. an ion can either occupy level 0 or 1. In thermal equilibrium,
most of the ions occupy the ground-state and a marginal fraction occupies the higher energy
level according to Boltzmann theory described in the previous section. When electromagnetic
radiation in the form of photons is introduced, additional ions make a transition from the
ground-state to a higher energy state corresponding to the energy of the incident photons.
This process, known as absorption, is for this 2-level system described by: [20]

dN, dNp
el S Ny=_——-"9
g = WorlNo dt

(2.4)
Here, the rate of change of ions leaving the ground level 0 equals the rate of change of ions
excited into the higher energy level 1. From eqn. it is clear that the rate of absorption
increases with Ny ie. the absorption is stronger when a higher fraction of ions occupy the
ground-state. The absorption rate coefficient Wy depends on the incident field intensity and
the probability that an ion absorbs a photon. The coefficient Wo; has a dimension of [s~!]
and can be written as:

W()l = 0'01F01 (25)
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where Fp; is the photon flux in [m~2s71] and o1 is the absorption cross-section in [m?]. For
the Nd four-level system discussed below, the absorption coefficient is called o, rather than
g01-

The reverse process, known as stimulated emission, can be described with similar equations
for a transition from the upper energy state to the lower energy state. The rate of change of
stimulated emission depends on the amount of ions in the upper energy state:

dNy dNy

—— = WioN1 =

- 2.
dt dt (26)

The coefficient W7 represents the stimulated emission rate coefficient and has the same form

as equation 2.5}
W10 = UlOFlO (27)

where o1¢ is called the emission cross-section and Fjg is once again the photon flux. For the
Nd four-level system discussed below, the emission coefficient is called o, rather than oyg.
The photon flux has been purposely written with the indices because for a multilevel system,
rather than the simplified 2-level system discussed here, the photon flux Fy; represents the
pump photons and Fijg represents signal photons and these need not be equal. For a simple
2-level system, Fy1 = F9 = F

2.2.4 Small signal gain

Equations 2.4] and [2.6] describe absorption and emission. For every absorption and emission
event, one photon is annihilated or created, respectively. The change in photon flux dF
therefore equals the sum of the rates of change times the propagation length dz:

dFF = [WloNl — W01N0} dz
dFF = oF [Nl - No] dz (28)

The second equation arises from the fact that for a 2-level system, Wy = Wi = W and
001 = 010 = 0. Equation 2.8 reveals that for a positive flux change dF, Ny > Ny. This
condition is called ’inversion’, when more ions occupy the upper level so that the stimulated
emission rate exceeds the absorption rate. A photon flux F' now increases to F' + dF over a
distance dz and gain is achieved. The gain coefficient for this 2-level system is:

g = 0(N1 — N()) (29)

For the described 2-level system gain can never be achieved, because for a system in
thermal equilibrium the absorption and stimulated emission rates are equal. This means that
the system is transparent as any photon that gets absorbed is re-emitted. The solution is
using a 3-level or a 4-level system. Key to these systems is that the energy level at which the
pump transition terminates, differs from the level from which the laser transition originates.
The level from which the laser transition originates acts as an intermediate, buffer, level due
to its long lifetime. The energy stored in this buffer level can be extracted by stimulated
emission, leading to signal amplification. The first two arrows in the Nd 4-level system of
Figure represent the pump and signal transitions, respectively, the 4Fs /2 acting as the
buffer level. Since the pump terminating level, 4F; /2, makes a rapid transition to the buffer
level it can be considered empty with the respect to the %I /2 ground level. Pump photon
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absorption is hence not limited by the population density of the pump terminating level as
was the case for the 2-level system, but solely depends on the pump photon flux and 4I4 /2
ground level population.

For the 4-level system in Figure the population density of level 4F3 /2, called N, can
be written as:

dNQ N2
— =R, —WNy — — 2.10
dt P 2 T ( )

where R, is the pump rate, which excites ions from the ground-state into level 3. A rapid
transition from level 3 to level 2 then follows. W is the stimulated emission rate and 1/7
represents the combined rates of radiative and non-radiative emission from the Ny level to
lower levels. The steady-state level population of level 2, putting dNy/dt = 0, reads:

RpT - N20

N, = -
YT+ Wr 141/,

(2.11)

where Nog is the population of level 2 when no signal photons are present, and hence no
stimulated emission. I = Whv /o, is the signal photon intensity and Iy = hv/oT. I represents
the signal intensity for which the level population No gets saturated. The signal intensity
to achieve saturation is defined as the intensity that causes the population density No to
drop to %NQI. Here, Nyy is the level population in level 2 at a certain pump rate, when no
signal photons are present. Now that the level populations are known, equation [2.11] can
be rewritten into an equation that gives the gain as function of the signal intensity, using

equation:
90

T 1+ 1/,

Here, go = 0cN2g = 0. R,7 is the ’small signal gain’, also called "unsaturated gain coefficient’.
The small signal gain is the maximum possible gain in a material for a given pump power.
As the signal intensity I increases, an increasing amount of ions in level 2 will fall back to the
ground level, reducing the population in level 2 and hence reducing gain. The small signal
gain can therefore be thought of as the gain experienced by a single signal photon passing
through a pumped material, when no other signal photons are present.

g (2.12)

As light travels through a channel it is subject to losses due to scattering and absorption.
If the channel is doped with active material and if this material is pumped, light intensity
will also be enhanced. The intensity I as a function of the total loss coefficient o and the
gain coefficient g, at a propagation length L is given by:

I(L) = Iyel9=L (2.13)
The gain in a channel can now be determined using;:

10 1

where the gain coefficient g and the total loss coefficient «v are given in [dB/cm] and L in [cm].
Iy is the intensity in the channel at L = 0. This equation requires knowledge of the intensity
in the channel at the start and at the end. The gain coeflicient g is not to be confused with
the net gain gpet, which is the the gain in a channel after subtraction of the loss value a. The
net gain equals gnet = g — Q.
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Figure 2.3: Diagram of the setup used to measure small signal gain on 1-cm-long Nd:Al,O3 channels.
The numbered components are: 1) Ti:Sapphire pump source at A = 800 nm 2) signal source at A = 1064
nm 3) fiber lens 4) chopper at 133 Hz 5) 100% mirror at pump wavelength 6) piece of glass, to transmit
signal light and partially reflect pump light 7) 60x, NA=0.85 objective lens 8) 1 cm long Nd:Al;O3
channels 9) 20x, NA=0.40 objective lens 10) pinhole 11) high-pass filter, cut-off at A = 850 nm 12)
Germanium detector 13) lock-in amplifier connecting chopper and detector

2.3 Experimental setup

Small signal gain in 1-cm-long Nd-doped channels was measured using a Ti:Sapphire laser
(Spectra-Physics 3900S) as a pump source at 800 nm. The beam from the Ti:Sapphire
pump source was expanded to twice its diameter to maximize filling of the used incoupling
microscope lens. The beam expander used was a Galilean type beam expander using a 40 mm
plano-concave lens in combination with an 80 mm acromatic lens. To probe the gain of the
channels for signal wavelength at 1064 nm, a Nd:YAG broadband light source (Fianium) was
used at its lowest power to minimize wavelength broadening around its peak at A = 1064 nm.
Light from this broadband light source was coupled into a standard 9/125 fiber (Thorlabs)
and refocussed to a beam using a fiber lens. Pump and signal beams were then combined
by two mirrors. The combined signal and pump light was coupled into the 2.0 x 0.6 um,
NA = 0.81, uncladded channels using a NA = 0.85 objective lens of 60x magnification. Light
exiting the channels was refocussed onto a Germanium detector using a NA = 0.40 microscope
lens of 20x magnification. To ensure collection of channel light alone, a pinhole was put in
front of the detector. Residual pump light was filtered out using a high-pass wavelength filter
with cut-off at A = 850 nm. During the measurement, signal light was chopped at a frequency
of 133 Hz. The pump light was unchopped, but blocked and unblocked during subsequent
measurements. The signal intensity was read off the lock-in amplifier, both when the active
medium was pumped and unpumped. Integration times of the lock-in amplifier used for the
gain measurement was 300 ms at the minimum, up to 1 s. The gain coefficient g in equation
2.14) could be measured directly according to:

10 I,
g=—log;s —/— — « (2.15)
L Lp.

where I, is the measured signal intensity for the pumped case, and I, for the unpumped
case.
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Figure 2.4: Diagram of a channel waveguide between two incoupling microscope lenses. In order
to estimate the launched power inside the channel, one needs to know all loss values indicated by
the numbers. The losses introduced when light is incoupled into a channel and outcoupled again
are, respectively: 1) incoupling microscope lens efficiency 2) losses due to reflection at the material -
air interface plus additional losses due to facet roughness 3) overlap mismatch between the Gaussian
pump beam and channel mode profiles 4) channel loss due to absorption and scattering 5,6) overlap
mismatch, reflection and facet roughness losses at outcoupling interface 7) outcoupling microscope lens
efficiency.

2.4 Simulations

2.4.1 Free-space to channel-mode overlap

In order to know the amount of pump power within the channels, one needs to know the
coupling efficiencies. Pump light coming from a laser source is often assumed to have a
Gaussian shape. To approximate the pump power within the channel, also called 'launched
power’, we also assume a Gaussian beam shape. This light is focussed into the channel using
an objective lens with a certain numerical aperture, Figure The beam waist obtained
after the lens can be approximated by:

20

= 2.1
Wo ntNA (2.16)

where NA is the numerical aperture of the focussing (objective) lens, n is the refractive index
which equals n = 1 in our case, and )\ is the free-space wavelength [21].

The objective lens focusses the beam to a much smaller beam waist W in the focal point,
at the cost of a large divergence angle. Coupling between a channel mode and a free-space
Gaussian beam depends on their overlap. If, for example, the beam waist W matches the
mode field diameter (MFD) of the fundamental mode in the channel, we end up with a
theoretical 100% coupling, excluding losses due to reflection.

The MFD’s for the channel geometries used in our gain measurements have been cal-
culated. These MFD’s have been split into a horizontal and a vertical component because
the shape of the fundamental mode in these channels is not circular but elliptical. The
channels measured have no upper SiOs cladding. The channel dimensions are 2.0 x 0.6
pm (width x height) and are shallow etched by an amount of 100 nm. The overlap values
between the channel fundamental modes and the beam waist Wy, given by equation [2.16
were determined. The calculated MFD’s and their overlap values with beams focussed by
objective lenses with two different NA’s are shown in Table Interesting is that contrary
to the expectations, a lens with a NA = 0.4 gives a better overlap than an objective lens with
NA = 0.85. This is because of the elliptical shape of the fundamental mode in the channel.
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Table 2.1: Mode field diameter and overlap values for different channel geometries. The
channel width is 2.0um for all measured waveguides and have no cladding. Due to the
elliptical shape of the fundamental channel mode and circular Gaussian beam shape, an
overlap mismatch is always present.

sample core height etch depth horizontal MFD vertical MFD overlap values
[um] [pm] [um] (1/e?) [um] (1/e?) NA =0.85 NA =04
4186 0.413 0.070 2.36 0.61 46% 66%
4194 0.623 0.100 2.61 0.71 43% 67%

Values for the reflection at the interface due to different refractive indices for air and the
material are about 6%, estimated using normal incidence Fresnel reflection:

T=1-R=—""2_ (2.17)

where ny = 1 for air and ny = 1.66 for Al;O3. This yields a transmission of about 94% at
both interfaces for the pump beam.

2.5 Experimental results

Gain has been measured for five different Nd3* concentrations ranging from 1.13 — 2.95 -
10%° ¢cm™3 in 1-cm-long channel waveguides. Slab waveguide losses at 1064 nm for these
concentrations average to a value of 0.6 dB/cm [22]. After channels have been etched in
Aly03, the propagation losses will increase by 0.1 dB/cm to a total propagation loss of « = 0.7
dB/cm [12]. This value was subtracted from the measured gain, according to equation [2.15]
to yield the internal net gain.

An incident pump power of 185 mW corresponds to 10 — 20 mW of power in the channel,
based on overlap calculations and estimated reflections. However, these values have been
obtained for the ideal case, assuming a perfect Gaussian input beam, and perfect input and
output facets. In reality, the power in the channel will be lower than is calculated here,
depending on the input facet quality. The unknown input and output facet quality and
consequently the input and output pump-power coupling efficiencies make it very difficult to
estimate the real pump power launched into the channel.

The gain shown in Figure has been plotted as a function of the Nd3* concentrations
in Figure The gain in Figure [2.6]is measured at an incident pump power of 185 mW. At
this incident pump power all the curves have saturated to a fixed gain value.

For a concentration of 1.13 - 102° cm™3, a 2.0 dB/cm signal gain has been measured.
The measured gain then increases to a maximum value of 4.0 dB/cm for a concentration of
1.68-10%° cm 3. For concentrations higher than 1.68-10%° cm ™3, the measured gain decreases
again, probably due to more significant upconversion in the doped material.
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Figure 2.5: Measured gain curves for different Nd dopant concentrations. All measurements were
conducted in the small signal gain regime to measure the maximum gain. g increases with increasing
pump power until it saturates. The concentration for which the highest gain was measured was
1.68 - 1020 cm~2. At this concentration, internal net gain of 4 dB/cm was measured in a 1-cm-long
channel.

2.6 Conclusions

Nd3* ions in AlyO3 exhibit strong absorption at a wavelength of 800 nm, and strong emission
at 1064 nm. Gain at 1064 nm, for different Nd concentrations has been measured in 1-cm-
long Nd-doped AlsO3 waveguides. A maximum internal net gain of 4.0 dB has been observed
for a Nd concentration of 1.68 - 10%° cm™3. This gain is competitive with other materials in
terms of gain, and it is anticipated that this gain is sufficient for integrated Nd-doped channel
amplifiers and lasers. The silicon-compatible AlsO3 make these results especially appealing, as
integrated devices can be directly patterned in this material [12] 23]. For Nd concentrations
larger than 1.68 - 10%° cm™3, the measured gain decreases, due to various energy-transfer
upconversion processes in the material [17].

11
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Figure 2.6: Maximum gain versus the Nd dopant concentration. Values were measured at an incident
pump power of 185 mW.
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Chapter 3

Nd as a laser ion

3.1 Introduction

In the previous chapter optical gain has been observed in Nd-doped Al,O3 waveguides at 1064
nm. It has been shown that sufficient gain has been obtained to design integrated Nd-doped
amplifiers and lasers in AlsO3. In this chapter simulations will be used to investigate the
behavior of Nd-doped AlyO3 waveguide lasers, employing a software package to numerically
solve the rate equations. This chapter will discuss the various processes that influence laser
behavior in terms of rate equations. The simulations will be explained and the results will be
discussed.

3.2 Laser theory

3.2.1 Radiative and non-radiative emission

In the previous chapter, optical gain in Nd-doped AlsOs waveguides at 1064 nm has been
discussed, which is a results of stimulated emission. There are also other means through
which an ion can release its energy and go from a high energy level to a lower energy state.
One such a mechanism is spontaneous emission. For spontaneous emission, an ion in a high
energy state can release its energy by emitting a photon corresponding to the energy difference
between the two energy states. This photon is not the result of another photon triggering
the ion to release its energy as is the case for stimulated emission. Another mechanism is
non-radiative emission, which is caused by lattice vibrations, absorbing energy of the ion.
The energy transfer due to these lattice vibrations are also known as phonon relaxations.
The non-radiative and radiative emission can be written as:

AN N

- 3.1
dt T (3:1)
where 1/7 is the combined rate of radiative and non-radiative emissions by:
1 1 1
=y (3.2)
T Tsp  Tnr

where 1/7, is the spontaneous emission decay rate and 1/7,, is the non-radiative decay rate
[20].

13



Chapter 3. Nd as a laser ion

3.2.2 Secondary processes

Apart from spontaneous, stimulated emission and nonradiative decay due to phonon relax-
ation, various secondary processes influence the population density of the upper ion energy lev-
els. The main processes are cross-relaxation (CR) and energy-transfer-upconversion. (ETU)

Cross-relaxation is the process during which one ion (a) in an high-energy state transfers
its energy to an ion (b) in a low-energy state, resulting in the first ion (a) ending up in a
lower energy state while the second ion (b) ends up in a high-energy state.

Energy-transfer-upconversion is the process during which one ion (a) in a high-energy
level transfers its energy to a nearby ion (b) in a high-energy level, exciting that ion (b) to
an even higher level while the first ion (a) drops to a lower energy level.

3.2.3 Rate equations

Laser operation is governed by a number of equations describing the population of the energy
levels: [17, 24]

dNg 9 Vg
28— WweNZ2 -8
dt 3474 T8
dN- N N
dt T8 7
d N N- N,
dt 7 6
dN5 Ng Ng
T R+ 0B
dt 05 + T6 T5
dN. N N.
R 75,74f2[W1+W2+W3]NZ
dt 75 T4
dN3 Ny N 9
— = — - — 4+ W1N,
i Ba3 - + WiNj
dN- N, N- N
d7152 = Bp—24+22_ 2L W,N2
T4 T3 T2
dN- N, N- N
71 = fu— + — — =+ W3N}
t T4 T (al
dN N, N
d S = —Ros+fu— +— (3-3)
t T4 (al

The (4, terms are the ’branching ratio’s’. These account for radiative and nonradiative decay
from the 4" level to level z, with © < 4. The W terms account for the upconversion process.
Since 2 ions are involved, these W’s appear in two levels, hence the factor 2 in dNy/dt.

Level 4 corresponds to the 4Fj /2 energy level. This is the energy level that is most
important to laser behavior, as this is the energy level from which signal photons are generated,
through stimulated emission. The population density of level 4 thus determines the stimulated
emission rate, discussed in Chapter Figure in Chapter [2] shows the energy diagram
corresponding to the rate equations above. The upconversion, denoted by W-factors in the
rate equation dNy/dt correspond to the lines tagged with "UC;i_3’ in the aforementioned
figure. It is assumed that energy levels 3,2 and 1 non-radiatively decay into the next lower-
lying level.
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Solving the rate equations analytically is nearly an impossible task if these equations are
not simplified. The rate equations written above can be simplified to:

dNy Ny 9
— = - — —W.N
dt Fos Ta e

No = Nr—N, (3.4)

where W, = W7 + Wy 4+ W3 is the combined upconversion coefficient. This simplified formula
arises from the assumptions that the populations of levels 1 — 3 quickly decay to the ground
level 0. Furthermore, levels 5 — 8 exhibit a fast decay to level 4. Any upconversion adding
to the population densities in levels 6 — 8 will also rapidly decay back to level 4, removing
the need for the factor 2 in front of W,.. Equation [3.4] shows that the combined upconversion
parameter W, acts as an additional 'loss’ to the population in level 4, in addition to radiative
and nonradiative decay. The upconversion rate depends quadratically on the population
density Ny.

3.2.4 The laser cavity

A basic laser cavity consists of a gain medium and two mirrors. By pumping the gain medium,
laser photons are generated and gain will be achieved. Lasing can be achieved through the
mirrors, which requires one mirror to be transparent at the pump wavelength. Alternatively,
the active gain medium can be pumped from the side, but in integrated optics this is not
desirable. The rate equations indicate that the stimulated emission rate depends on the
intensity of signal photons. This means that in order to generate more laser photons and to
fully exploit the gain exhibited by the active medium, a feedback mechanism is required to
increase the amount of laser photons. This feedback mechanism is provided by means of the
mirrors. One, or both of the mirrors have to have a reflectivity lower than 100% in order to
allow a small percentage of laser photons to escape the cavity. The photons that escape the
cavity are the laser photons that we are interested in.

3.2.5 Laser threshold

Due to stimulated emission, laser photons will be generated in the material. Some of these
laser photons will again be lost due to absorption or other losses in the cavity. Other losses
include scattering losses in the gain material, as well as losses due to the mirrors. In order
to get a build-up of laser photons in the cavity, the laser gain must exceed the laser losses.
Laser threshold is reached at a certain pump power at which the gain equals the total loss of
the cavity.

For the amount of laser photons in the cavity we can write:

¢2 = ¢1(1 — L) exp[(g — a)l]* Ri Ry (3.5)

where R; and Ry are the mirror reflectivities. L is the intrinsic cavity loss. [ is the active
medium length and ¢ represents the photon flux. The coefficients a and g represent the total
propagation losses in the active medium and the gain in the active medium, respectively.

When the photon flux after one roundtrip, ¢2, equals the photon flux before one roundtrip,¢1,
the gain equals the losses. Putting ¢; = ¢2 in equation yields:

gthr = a —log, [(1 — L)R1 Ry] /21 (3.6)

where gy, is the gain at threshold.
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3.3 Simulation of Nd-doped Al,Oj lasers

The set of rate equations can be analyzed numerically. [25] We have analyzed a channel
waveguide with a cross-section that is comparable to the cross-sections of the waveguides
measured later on in this thesis. The simulated channel has a height of 0.3 pm and a width of
1.2 um. A perfect overlap between pump and signal fundamental modes has been assumed,
while in reality it is about 92% for TE polarization and 90% for TM polarization. A channel
length of [ = 1.25 cm is used, which is comparable to the 1/e absorption length of the pump
intensity for the concentrations used.

Table in the Appendix shows the concentration-independent parameters, such as
cavity parameters, used in the simulations. For both cavity mirrors, a reflectivity of 98%
was used in these simulations. A background propagation loss of 0.9 dB/cm was assumed for
both pump and signal wavelengths.

The lifetimes of the 4Fj /2 laser level for different concentrations are given in Table
These lifetimes were measured by fluorescence intensity decay [26]. The combined upconver-
sion parameter W, is also strongly concentration-dependent, but at present no accurate value
for the upconversion parameter at different Nd concentrations in AlsOgz is known. A value for
the upconversion W, = 1.7 - 10716 cm3s~! was used as a starting point in these simulations.
This is the combined upconversion value measured for Nd:YLF, by Guyot et al. [27]

Table 3.1: Concentration depen-
dent parameters for the two differ-
ent Nd dopant concentrations used
in the simulations.

Nd concentration *Fj /2 lifetime

[em 7] [115]
1.13- 1020 337
1.68 - 1020 309

3.4 Simulation results

To investigate the effect of the upconversion rate on the pump absorption and signal output,
we have numerically analyzed the rate equations of equation with two different values
for the combined upconversion coefficient W, [25]. Values used for W, are W, = 0, to study
the behavior of the laser with no upconversion present, and W, = 1.7 - 10716 cm3s~!. Two
different values for the Nd concentrations were also analyzed. Figures and b show the
remaining pump power in the active medium and the absorption coefficient a as a function
of propagation distance in the active medium, respectively.

From Figure[3.1]it is clear that upconversion has little or no effect on the pump absorption.
The pump power in the active medium for the two different Nd concentrations show perfect
overlap between the curves, regardless of the value for the combined upconversion W.. The
absorption coefficient « is therefore also invariant for different upconversion values as can be
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Figure 3.1: The remaining pump power in the channel as a function of propagation distance for two
different Nd concentrations. Figure (b) shows the pump absorption coefficient « as a function of the
propagation distance in the active medium.

seen in Figure B.Ib. The increase of a over propagation distance can be explained by an
increase of ions occupying the ground level, leading to a higher absorption rate. Figure [3.2
shows the signal power at 1064 nm as a function of the pump power in the channel at 800
nm. The same values for the Nd concentration and upconversion W, as in Figure [3.1| were
used. The results show that the slope efficiencies are not significantly influenced by different
upconversion rates. The slope efficiency is 2.8% for a Nd concentration of 1.13 - 10?0 cm~3.
For a Nd concentration of 1.68 - 102° cm™3 the slope efficiency is 3.6%.

The threshold pump power in case no upconversion is present, is less than 0.5 mW for
both Nd concentrations. When upconversion is present in the active medium, the threshold
pump power increases to a value of =1 mW. The reason for the increase in threshold pump
power lies in the fact that the pump rate into the *Fj /2 level must first overcome the losses
due to (non-)radiative emission and upconversion. This can be seen in equation

Figure [3.3| shows the signal power as a function of pump power for different mirror re-
flectivities. The concentration is held fixed at Nd = 1.68 - 10?° ¢cm ™3, and the combined
upconversion W, = 1.7 - 10716 cm3s~!. For a mirror reflectivity of 99%, the threshold pump
power is well below 1 mW, but the slope efficiency is only 1.86%. For a mirror reflectivity
of 88%, the slope efficiency has increased to 15.2%, at the cost of a higher threshold pump
power of about 1.8 mW.

These results show that for the channel geometries used in this thesis, the mirror reflectiv-
ities can be lower than 90%, provided the pump power that can be launched into the channel
exceeds several mW’s. When one mirror has a reflectivity of 100%, the outcoupling mirror
can have a reflectivity well below 80%.
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Figure 3.2: Calculated laser signal power at 1064 nm as a function of pump power at 800 nm, for
two different Nd concentrations and two different combined upconversion values W,.. The highest
concentration shows the highest slope efficiency. The inset shows a threshold pump power of less
than 0.5 mW for both concentrations when no upconversion is present, but increases to £1 mW when
upconversion is present.

3.5 Conclusions

The laser properties of Nd-doped AloOs channel waveguides have been investigated by simu-
lation based on rate equations.

Upconversion rates have a negligible effect on the slope efficiency for the simulated channels
in this chapter. Only the threshold pump power is increased at higher upconversion rates. The
absorption coefficient is hence also invariant to a changing upconversion rate. The absorption
coeflicient increases for increasing ground-level population. This means that the absorption
coefficient is lowest at the beginning of the channel, where a high percentage of ions occupy
a higher energy level.

Different mirror reflectivities have been investigated by simulations. The results show
that a mirror reflectivity of 88% results in a threshold pump power of 1.8 mW and a slope
efficiency of 15.2%, at a Nd concentration of 1.68 - 102° cm™3.
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Figure 3.3: Calculated laser signal power as a function of pump power for Nd = 1.68 - 10?0 cm ™3,
and W, = 1.7-107'6 cm3s~!. Different mirror reflectivities were used to study the threshold and slope
efficiency.
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Chapter 4

Waveguides and couplers

4.1 Introduction

In the previous chapter we have seen that an integrated Nd-based laser is feasible, based
on simulations. In order to design such a laser, information about the modes of the pump
and laser wavelength must be obtained and ways to reflect light in the waveguides. Since
a Sagnac mirror will be used for reflecting laser light, couplers will have to be studied by
simulation and experiment, as a Sagnac mirror contains these directional couplers. This
chapter will begin with explaining waveguide theory. The effect of the channel geometry on
the effective refractive index of a guided mode will be discussed. This effective refractive
index determines the confinement of a mode within a waveguide channel. After the basics of
a single channel have been discussed, we will investigate Nd:AloO3 waveguide couplers. The
influence of changing channel geometry on the coupling strength of a directional coupler will
be investigated. Two types of directional coupler devices were compared using simulations, to
investigate their sensitivity to changes in waveguide geometry. Finally, experimental results
of measured directional coupler devices will be discussed and compared to the results from
simulations.

4.2 Theory

4.2.1 Waveguides

Integrated optics differs from free-space optics in the way that in integrated optics light
is confined within an optically dense medium with respect to its surrounding material. A
requirement for light to be confined is that the refractive index of the material through
which light propagates has a higher refractive index than its surrounding material. The high
refractive index material is commonly referred to as ’core’, while its surrounding material is
referred to as ’'cladding’. In integrated optics, where light is guided across a chip, a high
refractive index core waveguide is deposited onto a substrate, or alternatively "written’ into a
high refractive index material. The surrounding cladding material can be any material, even
air, as long as this material has a lower refractive index than the core material. In this thesis,
our research is focussed on Al;O3 that is grown onto a substrate material, SiO5. The cladding
material is either air or SiOs.

Light within the core will be confined as long as the total internal reflection condition is
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I ]

Figure 4.1: Ray picture for a slab waveguide. Light is coupled into a channel from the left, at an
angle 6 < Oyax. Light is confined and guided by total internal reflections at the core-substrate and
core-cladding interfaces. Phase-consistency must be maintained throughout the channel for a mode to
be able to propagate. The dashed lines represent the phase-fronts which are in phase with one another
in this particular picture.

fulfilled. The angle for total internal reflection solely depends on the relative refractive indices
of the core and cladding materials. For a core having a much higher refractive index than
its surrounding material we say that the core has a high index contrast and as a result light
traversing the channel is strongly confined. The condition for total internal reflection is given
by ¢. = sin~!}(n1/n0) and can be re-written into a function for the maximum acceptance
angle for coupling into the channel from outside: [2§]

0 < sin~! y/n% - n% = Omax (4.1)

In the equation defined above, sin 6. is also known as the numerical aperture, NA, of
the channel. Our waveguides based on AloO3 onto SiO4 exhibit a rather large index contrast
resulting in a numerical aperture NA = 0.81.

Apart from the requirement that light may only propagate through the waveguide when
its propagating angle is less than the maximum acceptance angle, a second condition defines
whether or not light can propagate. This second requirement, called the resonance condition,
is that light cannot propagate when its phase-fronts cancel out one another while traversing
the channel. Taking this requirement into account yields a discrete number of 'modes’ that
can propagate through the channel. While the previously discussed critical angle does not
depend on the waveguide geometry but only on relative refractive indices, the number of
allowed modes does depend on waveguide geometry. For a symmetric waveguide, meaning
the core is surrounded by a uniform cladding refractive index, at least one mode is supported
regardless of the core dimension. Waveguides having a cladding with a different refractive
index than the substrate are called asymmetric waveguides. For these asymmetric waveguides,
a minimum core cross-section is required in order to guide modes. The waveguides investigated
in this research are all asymmetric waveguides.

The resonance condition for a slab waveguide can be expressed by:

2konihcosp — 2@, — 20, = 27 (4.2)

where kg = 27/M\g, and v is an integer denoting the mode index, where v = 0 is the fun-
damental mode. n; is the core refractive index and h its height. —2®, and —2®; are the
Goos-Hanchen phase-shifts at the core-cladding and core-substrate interfaces, respectively.
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Figure 4.2: Diagram of a directional coupler structure. Two waveguides are brought together causing
overlap of their respective evanescent fields which results in power transfer between the waveguides.
In case power is present in both channels, the relative phase determines the direction in which power
flows: the ’donating’ field leads by relative phase-shift of 7. In the figure, an initial field with intensity
Iy propagates through the upper-left channel. After propagation through the narrow, straight section
of physical length L, the lower-right channel contains an intensity I, = xIy. The coupling coefficient
k depends strongest on the physical length L, of the coupler section where the waveguides are nearest
one another. The bend sections contribute an effective length L; in addition to this.

Ib—»

The Goos-Hanchen phase-shift will not be discussed here. See a discussion by H. Kogelnik
[29] on the Goos-Héanchen shift.
Each of the supported, discrete modes have their own propagation index, denoted by:

ﬂ = k‘o’l’Ll sinqS = k?gNeff (4'3)

where N is called the effective mode index. This parameter will be used extensively through-
out in this report, as this parameter is often calculated in simulations.

4.2.2 Directional coupler

When two waveguides are brought in close proximity, light traversing one channel may excite
a mode inside the other channel by the evanescent field extending into this waveguide, Figure
4.2l The coupling strength depends on the magnitude of the evanescent field of the mode in
one channel (a) inside the other channel (b). The coupling strength is therefore a function of
the mode confinement and the separation between the channels; waveguides having strongly
confined modes but having a small separation distance may have just as strong coupling as two
waveguides having weak confinement and a large separation distance. Once two waveguides
are 'connected’ through their respective evanescent fields, light will start flowing between the
two waveguides where the relative phase of the respective field determines the direction of
the energy flow. A field in one waveguide will act as the 'driving field’, whereas the field in
the adjacent waveguide will be the ’driven field’. The driving field is leading with a § phase
with respect to the driven field. A better way of putting this is saying that the driven field
is trailing behind by a —7 relative phase. This implies that coupling of light between two
channels always introduces a —90° phase shift. It also means that the driving field will couple
100% into the adjacent waveguide even if the field intensity of the driven field exceeds the
driving field intensity. Once 100% of the field intensity of the driving field has coupled into
the adjacent waveguide, the fields switch roles. The former driven field will now become the
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Figure 4.3: The layout of a directional coupler employing a Mach-Zehnder structure. [30]

driving field and vice versa, meaning that light can now couple back into the first waveguide.
The coupling strength, which depends on channel separation as explained above, determines
the distance over which 100% of the field intensity couples into the other waveguide in a single
pass. This distance, also called coupling length, is denoted by L.

The coupling coefficient of a coupler is given by:

Kk = sin® ¢ (4.4)

where ¢ = wL/2L.. Here, L is the length of the coupler and L. is the previously mentioned
coupling length required for 100% power coupling from one waveguide to the other. When
studied in more detail, L = L¢ + L; where L; is the physical length of the straight section of
the coupler and Lj is an effective length. This effective length L originates from coupling in
the two coupler bend sections since light already begins to couple just prior to entering the
coupler straight section.

Consider a mode with intensity Iy, introduced in the upper channel in Figure [4.2 The
field intensity in the two arms after having traversed the coupler is now:

Ia = (1 - /Q)Io
Ib = /QI()
The coupling length L. is given by:

A
Le=
2ANeogr

(4.5)

where A Neg is the difference between the effective indices of the symmetric and antisymmetric
modes in two adjacent channels that make up the coupler.

4.2.3 Mach-Zehnder coupler (or balanced coupler)

A directional coupler as discussed in the previous section is rather simple to analyze math-
ematically and to realize on a chip. However, it is reported to be extremely sensitive to
waveguide geometry errors introduced during the fabrication process. A more sophisticated
device called Mach-Zehnder, or balanced, coupler consists of two cascaded directional couplers,
between which a phase-shift is introduced in one of the waveguides. Such a Mach-Zehnder
coupler is shown in Figure The purpose of this is to negate the effect of development
errors on the performance of the coupler device. The basic idea is that waveguide geometry
errors introduced during device fabrication causing stronger coupling in the first directional

24



4.3. Simulations

. width . gap

i
<

Figure 4.4: Coupler geometry as generated by FieldDesigner. Based on this geometry, the effective
propagation modal indices are calculated from the entered refractive indices of the different materials
and waveguide dimensions.

coupler, for example, is cancelled out by weaker coupling in the second and third section of
the device. The coupling coefficient of the balanced coupler is given by:

Kms = COS> 0 sin2(¢1 + ¢2) + sin? 0 sin2(¢1 — ¢2) (4.6)

Here, ¢1 and ¢ describe the total integrated coupling of the two constituent directional
couplers, again given by ¢, = wL,/2L. and 26 is the phase-shift introduced by unequal
armlengths separating the two directional couplers.

In order to design the balanced coupler as a fabrication-error insensitive device, the sub-
sequent couplers and their respective phase shift must be chosen as follows: [30] [31]

3 1 3 1
¢1:8<1+N)’¢2:8(1_N)

3 3r\17!
2 o .
cos” f = sin (2 ) [N + sin <2 )} (4.7)

Here, N is a dimensionless factor governing the power splitting, or coupling, behavior of

the balanced coupler by:
1. (3r . (3m\]!
R = Z S11n (N> |:N 4+ sin <2]V>:| (48)

The purpose of eqn. [4.8]is to select a desired coupling coefficient o for the balanced
coupler, deduce N and use this N to set the parameters ¢1, ¢2 and 26. In the special case
of a kg = 0.5 or 3 dB balanced coupler, this results in ¢; = §, ¢ = 7, and § = 5. In a
later section we will see that this 3 dB balanced coupler is the type of coupler we are most
interested in.

4.3 Simulations

4.3.1 Simulation procedure and software

The geometry of a waveguide and its dimensions have a large influence on the propagation
behavior of waveguide mode inside. The number of modes, their confinement within the
channel and propagation losses are for a large part determined by the channel geometry.
Therefore, numerous commercial simulation software packages have been developed to study
the effect of channel dimensions and geometry on its propagation properties. A software
package called FieldDesigner has been used to calculate the number of modes and their
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Table 4.1: The default set of parameters with which coupler
simulations were carried out.

Layer Material Thickness Width npump  Dgignal
[pm] [pm]

Substrate  SiOy (thermal) 8 40 1.455  1.453
Slab Al,O3 0 40 1.660 1.658
Core AlyO3 0.3 1.2 1.660 1.658

Cladding  SiO» (PECVD) 5 40 1449 1.447

effective refractive index, based on the defined cross-section of a waveguide. Couplers were
simulated using a geometry as is shown in Figure Symmetric and antisymmetric modes
were calculated to determine the coupling length L., using equation

The refractive indices of the materials used have to be provided for the software to calculate
the channel modes. A list of material properties such as were used in our simulations is
provided in Table This table contains the refractive indices of the channel and layers as
well as their thickness. The dimension of the core is also specified.

4.3.2 Waveguide mode analysis and calculations

In order to find the number of modes for a straight channel a single waveguide was defined
in FieldDesigner as discussed above. The number of modes for signal, A = 800 nm, and
pump waveglength, A = 1064 nm, were calculated for both TE and TM polarization. Figure
shows the effective indices for a channel height of 0.3 pm and varied width, such as
is the investigated channel geometry in this research. At these channel dimensions, only
fundamental modes at signal wavelength are supported, while light at pump wavelength is
multimode. The simulation indicates that modes at TE polarization yields a stronger effective
refractive index Neg than modes at TM polarization, and are therefore stronger confined. A
difference in refractive index for pump wave and signal wavelength is also visible: the effective
refractive index for signal wavelength is lower than for pump wavelength. As a result, pump
light will experience a stronger confinement than signal light.

4.3.3 Couplers

The geometry shown in Figure 4.4 was used to calculate the coupling length L. according to
equation both for TE and TM polarizations. In general, coupling efficiency for modes
at TM polarization was found to be stronger than for TE polarization due to the weaker
mode confinement and therefore further extension of the evanescent field into the adjacent
channel. The influence of the gap between two waveguides in the coupler region on the
coupling strength has been studied, along with the effect of different channel dimensions.
The results shown in Figure indicate that a smaller channel separation leads to a smaller
coupling length L., which means stronger coupling as the length over which 100% power
couples into the other waveguide is decreased. A similar increase in coupling strength has
been observed when a channel’s height is decreased. This can be explained by a smaller

26



4.3. Simulations

=2 e )
152y -7
151 e
<+ 150
[ 4
Z ]
o 1494
(12 ]
1484 o ----TTTTC
] -7 T ——1064nm, TE
1.47 - - -1064nm, TM
] —-—- 800nm, TE
sl 800nm, TM
Tr{rr v vy
1.0 141 1.2 13 1.4 15

Core width [um]

Figure 4.5: Evolution of fundamental mode effective indices (Nego) vs. core width, at a fixed core
height of 0.3 um. Effective indices for pump and signal wavelength, A = 800 nm and A\ = 1064
nm respectively, are shown for both TE and TM polarization. TE modes show a higher N.g and
are therefore stronger confined than their TM counterparts. The effective refractive index at pump
wavelength is higher than for signal wavelength. Therefore, pump modes are stronger confined than
modes at signal wavelength, regardless of the polarization.

effective index and consequently a weaker confinement for decreasing channel height.

The previous simulations have shown that the slightest deviation in core height, core width
or gap size between two coupler waveguides has a drastic effect on the coupling length L.,
caused by a stronger evanescent field overlap from the adjacent channel. During the fabri-
cation process unavoidable deviations from the original design will be introduced requiring
the designer to anticipate to this. Therefore, the impact of varied coupling length L. on the
coupling coefficient x has been studied. Figure [4.7] shows a plot of the impact of a changing
coupling length L. on the coupling coefficient «.

Two coupler devices were studied. One is the simplest directional coupler, having only
one coupling region, and the other is the Mach-Zehnder coupler device. Both coupler devices
were simulated to be 3 dB couplers. For the single directional coupler device, Figure [4.7
shows a monotonic decrease for the coupling coefficient x as the coupling length increases.
About the k = 0.5 pivot, the single directional coupler experiences a +20% variation, for a
+10% variation in coupling length L.. The coupling coefficient of the Mach-Zehnder device
remains almost constant across this variation of L.. Beyond the 10% variation mark, the
Mach-Zehnder coupling behavior begins to deviate as well, but not nearly as strong as it is
the case for the single directional coupler.

Invariant coupling behavior for the Mach-Zehnder device may be achieved through chang-
ing the phase shift 20. This enhances the coupling performance with respect to the desired
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Figure 4.6: Calculated coupling length L. [um)] as a function of the gap between two waveguides and
the channel height. The channel width was held fixed at a value of 1.22 ym. The couplers that we
study in this report have a designed gap of 1.5 um. Waveguide properties have been given in Table
The color plot shows that a narrower gap between the waveguides results in a smaller L., thus
meaning stronger coupling. A decreased channel height also causes stronger coupling due to weaker
confinement of the modal field.

coupling coefficient for larger deviations in L., at the cost of less precise coupling behavior
when L. is close to Lqy. The effect of changing this phase shift is also shown in the figure.
For an increasing phase shift beyond 20, the Mach-Zehnder coupler will increasingly mimic a
single directional coupler as the single coupler shown in the figure. For a phase shift less than
26, the coupling coefficient will fluctuate about the desired value for the coupling coefficient.

4.4 Experimental setup

4.4.1 Coupler measurements

Coupler measurements were carried out using a diode-pumped Nd:YAG laser at 1064 nm.
(CrystaLaser IRCL-2W-1064) Light from this linearly polarized source was coupled into a
Thorlabs SM600 fiber through a lens with a numerical aperture of 0.25. Light from this fiber
was coupled in a polarization retaining PM-500 fiber (Thorlabs) by a fiber-to-fiber linear
polarizer (OZ Optics) designed for this wavelength. A polarization rotator was used to match
the polarization angle of the linear polarizer and hence to the elliptical PM-500 fiber core. The
PM-500 fiber was used to couple light directly into a waveguide coupler, selecting either TE
or TM polarization by simply rotating the exit fiber connector with respect to the channel.
Afterward, the light was coupled out from the channel by a 9 pum fiber, (Thorlabs) and
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Figure 4.7: Plot of the coupling coefficient  as a function of coupling length L., for a single directional
coupler and for a cascaded, balanced (Mach-Zehnder) coupler. Both devices were designed for a 3 dB
or k = 0.5 power splitting ratio when L. = L. Any deviation in coupler geometry and/or dimensions
will cause L, to deviate from L.g. The Mach-Zehnder device was parametrized following design rules
of equations A £10% deviation in L, from L.y results in a +20% deviation in coupling coefficient
k for the single directional coupler, while the Mach-Zehnder coupler still behaves as a near-perfect 3
dB coupler despite this variation. The shaded area represents the range over which the Mach-Zehnder
coupler remains a perfect 3 dB coupler. Two additional lines show the effect of varied phase-shift 26
separating the two directional couplers in the Mach-Zehnder coupler device.

collected into a HP 8153A detector. The fiber-to-waveguide coupling has been optimized by
auto-adjusted micromechanical stages. (Newport)

The PI:Oxide mask contains a number of couplers designed for Nd:Al,O3 waveguides, on
which 16 couplers are included. The physical length L of the couplers ranges from 0 to 750
pm. The thickness of the AlyOg layer for our specifications is 300 nm. The channel width is
1.2 pm and the coupler sections have a minimum channel separation of 1.5 ym. The position
of the couplers on the wafers is right at the edge, so deviations in layer thickness is expected.

4.4.2 SEM imaging

SEM images of coupler cross-sections have been taken of cleaved samples using a high resolu-
tion SEM microscope. (FEI NovaLab600) Samples were cleaved after being scratched with a
diamond-tipped pen. To improve SEM contrast, the cleaved sample was etched for 3 minutes
in Al-etch, (MERCK 115435.2500) at 55 °C, removing several tens of nanometers of the AloO3
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Figure 4.8: Coupling coefficients as a function of physical coupler length Lg, as measured on two
different samples for TM polarization. (black,red) The measured values were fitted, which yields
coupling lengths L. = 259 pm and L. = 247 pum for the two measured samples, respectively, equalling
a variation of less than 5% between the two samples. This value differs from the expected, or designed,
value of L, = 406 pum by about 38%. The channels were also measured at TE polarization, and no
clear coupler trend could be distinguished. Coupling at pump wavelength was measured to be less
than 4%. The reason for the coupling coefficient having a value greater than 0 at L; = 0 originates
from the fact that the bend sections of the couplers contribute an effective length L; to the physical
coupler length.

channels while leaving the substrate and cladding untouched. No conductive layer was sput-
tered onto the sample, as the SEM contrast proved to be sufficient, even for these strongly
insulating samples.

4.5 Results

4.5.1 Coupler measurements

Power splitting ratios of a set of couplers with a physical length ranging from 0 — 750 pum
were measured and the results are shown in Figure The measured splitting ratios were
fitted to equation and from this, coupling lengths of L. = 259 ym and L, = 247 pum
were found for two different samples, respectively. Measurements were performed at both TE
and TM polarization, but a clear coupling curve could only be discerned for TM polarization.
Comparing the measured coupling lengths L. with the theoretically predicted coupling length
L. =406 pm, based on the designed waveguide geometry, reveals a deviation of 38%. This is
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Figure 4.9: SEM close-up of the middle section of a directional coupler with a physical length
Ly = 750 pm. A sample containing a series of coupler devices was cleaved with scrutiny, assuring
the cleave passed through the middle section of the coupler at which point the channel’s gap is at its
narrowest. Figure (a) shows an overview of the cross-section, with the channels and the full cladding.
Figure (b) shows a zoom-in onto the channels, allowing measurement of the channel dimensions and
gap. This particular picture shows a channel width of 1.28 um as compared to a designed channel
width of 1.2 um and a gap width of 1.34 um, as compared to a designed gap width of 1.5 pym. This
explains the deviation in measured coupling length.

an indication that the fabricated channels have a different geometry than designed.

Apart from coupling behavior at signal wavelength, we are also interested in coupling
behavior at pump wavelength. The channels were therefore also investigated at pump wave-
length, at TE and TM polarization. For both polarizations, the coupled pump power was
found to be less than 4%, which agrees with the theory that pump light will couple much
weaker due to stronger confinement.

4.5.2 Coupler SEM analysis

Due to the measured difference in coupling length L. of the directional couplers, SEM images,
Figure [£.9] have been taken of the coupler cross-sections to analyze whether these deviations
had their origin in physical deviations from designed channel and coupler geometry. To do this,
a sample with fabricated coupler structures was carefully cleaved to ensure the cleave passed
through the center coupler section at which point the waveguides have the smallest separation.
The geometry of several couplers with a physical coupling length of 600 < L, < 750 um was
measured. The results of these measurements are given below, in Table

Overall, the measured geometry values differ from the geometry for which the couplers

Table 4.2: Geometry parameters deduced from SEM images of cross-sections of the cou-
plers. The upper values in the table result from rough measurements on an overview of the
coupler as a whole. More accurate values have been obtained after zooming in. After zoom-
ing in, the measured geometry was smaller, but probably more accurate. These zoomed-in
values are the lower values in the table and were taken as ’expected’ values in the table.

600 coupler 650 coupler 750 coupler expected designed
gap [pm] 1.35 1.28-1.36 1.26-1.35 1.28 1.50
channel width [pm] 1.21-1.29 1.27-1.29 - 1.22 1.20
channel height [pm] | 0.24 - 0.26  0.25-0.27 0.25-0.26 0.28 0.30
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were designed. This explains the difference between the results from measurements and
simulations. Plugging the ’expected’ values in Table into a simulation to calculate a new
coupling length at TM polarization, yields a coupling length L. = 243 pm, which agrees
reasonably well with previously measured values of 247 < L. < 259 pm.

4.6 Conclusions

The number of modes in Al,O3z waveguides has been studied. The results from simulations
show that the waveguide only supports single mode at signal wavelength, at 1064 nm. For
pump wavelength, at 800 nm, the waveguide is multimode. Due to the high index contrast of
the AlyO3 material, channel dimensions are tiny in order to get single mode channels at signal
wavelength. The high index contrast also yields a high numerical aperture of NA = 0.81.

Influence of the channel geometry on coupler performance has been studied. A deviation
of 1% in channel geometry results in tens of micrometer shifts in coupling length L., which
is a significant percentage of the coupling length of the measured devices.

The coupling length of two types of couplers has been investigated by simulation. Single
directional couplers show a strong sensitivity of coupling coefficient x to a change in cou-
pling length L.. A shift of £10% easily results in a +20% change in coupling coefficient .
Mach-Zehnder couplers, or balanced couplers, however, are nearly insensitive to variations in
coupling lengths L. and keep a stable coupling coefficient x even beyond +10% variations in
coupling length.

The coupling coefficient x has been measured over a full range of couplers with a physical
length 0 < Ly < 750 pm. The performance of these couplers has been compared to the
simulated performance of the couplers based on designed coupler geometry. A deviation of
38% has been observed.

High-resolution SEM images of the cross-section of coupler devices have been taken. The
results show a deviation of 15% in the gap between the two waveguides, which explains
the strong deviation in measured coupling coefficient compared to the simulated coupling
coefficient.
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Chapter 5

Integrated optical reflectors for
waveguide lasers

5.1 Introduction

Optical reflectors are necessary to provide feedback in a laser: photons at laser wavelength will
reflect back and forth between the mirrors, while only a small fraction escapes. This chapter
discusses two types of mirrors: passive mirrors, reflecting all light, and Sagnac mirrors that
are tunable by design. In the previous chapter, couplers have been studied by simulations
and by experiment. In this chapter we will study the effect of these couplers on the Sagnac
mirror reflectivity. Bent waveguides will also be discussed in this chapter, as both the passive
mirrors and the Sagnac mirrors contain bent waveguide sections.

5.2 Theory

5.2.1 Bend losses

The effective index n of a material consists of real and complex parts, n = n’ — wn”, where
its real part n’ accounts for the refraction of a wave due to its changing of the phase velocity
v = ¢/n’ and its complex part n” is responsible for absorption. The effective index Nog and
corresponding propagation constant § given in the previous chapter thus also consist of real
and complex parts:

_ / 1"
Neff - Neff_l eff

8 = 8-

As a mode propagates through a waveguide, the mode is subject to losses due to absorp-
tion. The expression for a mode traversing a channel is:

E(Z, t) — Eoelm(ﬁ)zez[wtfRe(ﬁ)z]

Here, /™) is the term responsible for the absorption. Writing this term in a form for the
loss in dB/cm gives:

Loss[dB/cm] = 101log;, [e—2|lm(ﬁ)|0.01] (5.1)
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Figure 5.1: Diagram of a Sagnac mirror. Light is fed into the upper channel. The coupler in
combination with the loop acts as a mirror, reflecting an amount R back through the upper channel
and an output amount 1 — R is present in the lower channel. Mirror physics is based on interference.
132]

Here, z = 0.01 is the propagation over lcm to calculate the loss in dB/cm. Once the complex
refractive index Neg is known, it is possible to calculate the loss by using the imaginary part
of the this effective refractive index.

Having now found an expression for the losses through knowledge of the complex effective
refractive index Neg, we will use this to estimate losses occurring in bent waveguides. A mode
profile for a bent waveguide differs from that of a straight waveguide in this way that the
mode profile is shifted outward, away from the direction of the bend. It can be thought of
as the mode profile preferring to move in a straight line while the outer waveguide edge is
pushing it inward. Consequently, the mode profile is not centered in the waveguide anymore,
causing a larger part of the mode profile to travel outside the core which will cause power
leakage. For such a bent mode, one will find a higher complex value for the effective refractive
index N.g representing the higher absorption.

5.2.2 Passive mirrors

A passive mirror can easily be constructed by taking a symmetric y-junction that acts as a
3 dB power splitter. Both output branches are connected through a loop waveguide. Any
power incident on the input port of the y-junction is evenly split between the two arms and
guided through the loop, maintaining coherence as their path lengths and any impurities they
may encounter are equal. Once the modes enter the y-junction again they are recombined.
The losses in such a passive mirror constitute the losses of the y-junction and the bend losses
of the loop. It is important to keep the radius large enough so that bend losses are kept to a
minimum.

5.2.3 The Sagnac mirror

A Sagnac mirror is a mirror device which is based on interference. It is built by connecting
the output ports of a directional coupler by a loop, thus directing any power coming from
either branch of the coupler back into the coupler’s opposite branch.

Let us consider a directional coupler with a coupling coefficient x = 0.5, as discussed
in the previous chapter. Figure shows such a directional coupler with the output arms
connected through a loop. Now consider an initial field with intensity Iy inserted into the
upper waveguide of the Sagnac mirror. An amount (1 — k)[y = %IO is left in the upper
output arm after traversing the directional coupler, and will move clockwise through the
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loop. At the same time, an amount kly = %Io leaves the lower coupler branch and traverses
the loop counterclockwise. Also remember from the previous chapter that this latter field
has had a phase-lag of —% with respect to the phase of the field in the opposite branch due
to the coupling process. Forced by the loop, the fields now have to traverse the coupler
once more. Now consider the total intensity of the fields in the upper channel again: of the
clockwise traveling field with intensity %Io, another 50% has coupled back into the upper
branch, resulting in a field of %IO and a phase-lag of —7 due to coupling back into the upper
branch. This field in the upper branch is joined by the remainder of the counterclockwise
traveling field with intensity i[() and phase-lag —7, adding up positively to %Io. Now consider
the lower branch again. A field of intensity %Io is joined by a field of the same intensity and
a phase-lag of —5 — § = —7 which destructively interferes and no light is transmitted. By
conservation of energy, all of this power must be in the upper branch, meaning that this
Sagnac mirror with k = 0.5 acts as a perfect mirror.

The transmission and reflection coefficients of a Sagnac mirror are given by: [32], 33]

T = (1-2k)%*1—7)%e
R = 4k(1—k)(1 —7)%e oL (5.2)

Here, « is the coupling coefficient as discussed in Chapter [4, Two loss factors attenuate the
transmission T and reflection R: ~ for the losses in the directional coupler, and « for the
losses in the loop, where L is the length of the loop.

By tuning the coupling coefficient « of the directional coupler, it is possible to tune the
reflectivity of the Sagnac mirror. Since a R = 1 reflecting mirror is obtained for a coupling
coefficient k = 0.5, the coupling coefficient is 0 < k < 0.5 for 0 < R < 1.

5.3 Simulations

5.3.1 Bend losses

Bend loss calculations were performed for a waveguide geometry as in Chapter {4l both for
designed geometry and geometry found in SEM results. Figure [5.2] shows the results. As the
bend radius decreases, the losses increase exponentially. It is therefore beneficial to keep the
bend radius as large as possible, if space on a chip permits a large bend radius. The overall
trend in Figure is that TE bend losses are lower than TM bend losses for the geometry
considered. This is due to the fact that TE has a better mode confinement. From bend
loss considerations alone it is therefore advantageous to use TE polarization rather than TM
polarization. To achieve the same low bend loss values for TM as for TE, the bend radius
has to be increased. For bend radii beyond 350um, bend losses are found to be lower than
0.1dB/cm for all simulated geometries, and polarizations TE and TM.

5.3.2 Sagnac mirror

The behavior of a Sagnac mirror mainly depends on its directional coupler properties. The
ratio of transmittance versus reflectance is entirely dependent on the coupling coefficient k,
whereas the magnitude of the reflected and transmitted light is influenced by losses in the
mirror. Figure [5.3| shows the transmission and reflection of a Sagnac mirror for different loss
values. The total losses consist of coupler losses and propagation losses in the loop, given by

35



Chapter 5. Integrated optical reflectors for waveguide lasers

100 o~ .
S —TE; core height = 0.28 um

10 e .\_\ < - — = TM; core height = 0.28 um

1 N TM; core height = 0.30 um

0.1 '
0.01
1E-3
1E-4
1E-5
1E-6
1E-7
1E-8
1E-9

1E-10 4

Bend losses [dB/cm]

— . r - r - r 1T T1r° > T1r° 1T 1
100 150 200 250 300 350 400 450 500
Radius [pm]

Figure 5.2: Bend losses in dB/cm as a function of waveguide bend radius. Bend losses increase expo-
nentially as the radius is decreased. Bend losses at TM polarization exceed those for TE polarization,
due to weaker confinement and stronger corresponding power leakage. Simulations at TM polarization
was performed for a core height of 0.30um, as is the core height aimed for, and for a core height of
0.28m, as is the core height that was measured from SEM images. Bend losses lower than 0.01dB/cm
can be expected for radii beyond 325um, for a core height of 0.30um. Simulations were carried out
using the default geometry and the one measured by SEM.

(1—~)%e 2L in Equation For a Sagnac mirror without any losses, the reflectance is 100%
for a coupling coefficient k = 0.5, or 3 dB. The transmittance equals 0% for a 3 dB coupler,
regardless of the loss value. A loss value of 50% reduces the reflectance by that same amount.
The reflectance reduces linearly with increasing total loss value.

In chapter 4l two types of couplers were discussed. We will now employ these two couplers
in a Sagnac mirror and study its behavior. Figure shows the reflectance of two Sagnac
mirrors, one that is parametrized to behave as a 100% mirror (a) and the other (b) as an 88%
mirror for L. = Lq. The reflectance is plotted as a function of the deviation in coupling length
L., which depends on the waveguide geometry and mode confinement, as discussed in chapter
The 100% mirror in Figure shows a stunningly flat response to variations in coupling
length. The reason is that for a 3 dB coupler, the Sagnac reflectance is most insensitive to
variations in coupling coefficient k, as the reflectance is at its peak value, see Figure [5.3
Here, even the Sagnac mirror with a single directional coupler structure is insensitive to +5%
variations in coupling length L.. The reflectance of the Sagnac mirror with the Mach-Zehnder
coupler is insensitive to 10 — 30% variations in L., depending on the phase-shift 6.

For the mirrors designed to reflect 88%, the Sagnac mirror with the single coupler is now
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Figure 5.3: Transmission and reflection curves for a Sagnac mirror, as a function of the coupling
coefficient & of the directional coupler. Given zero loss, the reflection equals 100% for a 3 dB directional
coupler. The transmission equals 0% for a 3 dB coupler. When losses, coupler losses and propagation
losses are present in the Sagnac mirror, the reflection reduces linearly with the total loss value.

more sensitive to variations in L. due to the Sagnac reflectance being more sensitive to x. The
Sagnac mirror employing a Mach-Zehnder coupler again exhibits insensitivity to variations in
L. around L.y, but this depends on the phase-shift §. Figure bears close resemblance to
Figure [£.7]in chapter [l The difference however is that the reflectance of the Sagnac mirrors
with a phase-shift # that is different from the phase-shift 8y following from Mach-Zehnder
design rules does not intersect at L. = L.y. The reason is that the Mach-Zehnder coupler
used is not a 3 dB coupler. The phase-shift of a Mach-Zehnder coupler that is not a 3 dB
coupler influences the coupling behavior at L. = L. while for a 3 dB coupler the phase-shift
does not influence coupling at L. = L.

5.4 Conclusions

The effective refractive index of a material consists of both a real and imaginary part. The
imaginary part represents losses due to absorption. The refractive indices for bent waveguides
were obtained from simulations and the losses were calculated. Bend losses lower than 0.1
dB/cm were found for bend radii beyond 350 pm for TE and TM polarization.

Passive mirrors can easily be constructed using a symmetric y-junction in combination
with a loop. The loop radius must be large enough in order not to end up with high losses.
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Figure 5.4: Sagnac mirror reflectance as a function of variations in coupling length L./L.. Figure
(a) plots the behavior of Sagnac mirrors that are designed to reflect 100% of the input intensity, while
(b) plots the reflectance for Sagnac mirrors designed to reflect 88% of the input intensity.

A Sagnac mirror is based on interference. The reflectance is determined by the coupling
coefficient of the directional coupler. A 3 dB directional coupler yields a mirror with a
reflectance of 100%.

Two types of Sagnac mirrors have been investigated. One is a Sagnac mirror that employs
a standard, single directional coupler. Such a Sagnac mirror is very sensitive to variations
in coupling length introduced during fabrication. Another Sagnac mirror contains a Mach-
Zehnder coupler. This Sagnac mirror exhibits a reflectance that is insensitive to variations in
coupling length, depending on the phase-shift.
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Chapter 6

Design of on-chip laser devices

6.1 Introduction

In previous chapters, gain in Nd-doped AlsOgs channels has been investigated and a net
gain at signal wavelength has been demonstrated. In addition, a channel waveguide laser
was investigated by simulations and the results show that these channels have aptitude to
support waveguide lasing. To integrate a laser on a chip, passive and active waveguide mirrors
have been discussed. An integrated waveguide laser employing a Sagnac interferometer has
previously been demonstrated in Erbium-doped alumino-silicate waveguides [34]. In this
chapter, we will use experimental results from coupler measurements to parametrize Sagnac
mirrors in order to design an integrated on-chip Nd-doped waveguide laser in AloO3. The
designs have been placed on a new mask to realize the lasers on a wafer.

6.2 Exploring different laser designs

6.2.1 Sagnac-pumped integrated waveguide laser

Figure depicts an integrated Nd-doped waveguide laser that consists of a passive mirror
and a Sagnac mirror. Pump light is coupled into the upper channel. It will traverse two
directional coupler devices (a) and (b), where coupler (a) is designed to couple 100% at signal
wavelength. Coupler (a) will not couple any pump light, which is confirmed by experimental
results in Chapter Coupler (b) is part of the Sagnac mirror. Pump light will not be coupled
by coupler (b) and will therefore traverse the loop in a clockwise direction, after which it will
pass coupler (b) again into the straight section and passive mirror. In this way, the entire
upper channel, the Sagnac loop and the passive mirror will be pumped as long as not all
pump light is absorbed.

The cavity is colored black in Figure Any signal light that is generated in the cavity
will be reflected between the Sagnac mirror and the passive mirror. Only a small fraction
of this signal light will escape through the Sagnac mirror, into coupler (a) where 100% is
coupled into the lower signal-out waveguide channel. The Sagnac reflection is determined by
coupler (b).

The cavity consists of the Sagnac mirror, the passive mirror and the straight section
connecting these two. Technically, the loops are part of the mirror, but since the signal light
has to traverse the loops during every roundtrip the length of the loops contributes to the
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pump in

G
signal out

Figure 6.1: Diagram of an integrated Nd-doped waveguide laser that is pumped through the Sagnac
mirror. Pump power is coupled in the upper waveguide channel and will traverse coupler (a). The
Sagnac mirror is pumped and any pump power remaining will pump the straight section and passive
mirror. Signal power transmitted by the Sagnac mirror will be coupled out by coupler (a). The
reflectance of the Sagnac is determined by the coupling coefficient of coupler (b). The cavity is colored
black.

cavity length. The roundtrip cavity length is therefore the sum of the circumference of the
two loops plus twice the length of the section connecting the loops.

6.2.2 Cavity-pumped integrated waveguide laser

Figure shows a diagram of an integrated Nd-doped waveguide laser that consists of a
passive mirror and a Sagnac mirror. The difference between this design and the design
in Figure is that the light at pump wavelength only has to traverse one coupler (a).
Depending on the length of the straight section and the passive mirror, most of the pump
light will be absorbed in this upper channel. If any pump light is reflected back by the passive
mirror through coupler (a) it will be lost since it is not coupled. Coupler (a) is designed to
couple 100% at signal wavelength. All signal light that is generated in the upper, pumped,
channel waveguide is therefore coupled into the Sagnac mirror. This Sagnac is not pumped,
contrary to the one used in the design of Figure [6.1] Any light not reflected by the Sagnac
mirror leaves the cavity through the lower waveguide channel where it can be coupled out.
The cavity is colored black in Figure [6.2] The roundtrip cavity length equals the sum of
the loop circumference of the two mirrors, plus twice the length of the connecting straight
and bent sections. Whereas the cavity in Figure [6.1] can potentially be pumped entirely, the

pump in a . >

SZsez:

b

—
signal out

Figure 6.2: Diagram of an integrated Nd-doped waveguide laser that is pumped directly into the
straight cavity section. Pump power is coupled into the upper waveguide channel and will traverse
coupler (a) without coupling. All generated signal light will be coupled by coupler (a), into the Sagnac
outcoupling mirror. The reflectance of the Sagnac mirror is determined by the coupling coefficient of
coupler (b). Any transmitted signal light will exit the cavity through the lower waveguide channel.
The sections that are colored black are part of the cavity.
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Figure 6.3: Diagram of an integrated Nd-doped channel waveguide laser with a loop cavity. Pump
power is coupled in the upper waveguide and will traverse coupler (a) without coupling. Laser light is
generated in the cavity, (colored black) and is partially coupled out by coupler (b). Since laser light
travels in the loop both clockwise and anti-clockwise, laser light is coupled into the upper channel on
the right and the lower channel on the right.

cavity in Figure [6.2| can only be partially pumped in the upper channel waveguide.

Coupler (a), in Figure is very critical to the behavior of the laser in terms of threshold
pump power and slope efficiency. If coupler (a) does not couple x = 100% but x = 98%, for
instance, the roundtrip loss at signal wavelength due to coupler (a) will be 2 x 2%.

The advantage of using the lay-out depicted in Figure is that pump light only experi-
ences coupler losses due to one coupler (a) in the cavity. In Figure the pump light in the
cavity experiences three times the coupler losses, and five times the coupler losses in case a
Mach-Zehnder coupler is used for the Sagnac mirror.

6.2.3 Ringlaser

An alternative laser cavity design for a Nd-doped waveguide laser is displayed in Figure [6.3
This is a modified version of an Erbium-doped waveguide laser demonstrated by Bradley et al.
[23], to investigate the laser light intensity of the laser channel mode traveling in a clockwise
direction compared to the one traveling in an anti-clockwise direction. Pump light is coupled
into the upper channel on the left and will traverse couplers (a) and (b), which are designed
to couple only laser light at 1064 nm. The entire loop will be pumped as long as the length
of the loop is not significantly longer than the pump absorption length.

Laser light will be generated in the loop and will traverse the loop in clockwise and
anti-clockwise direction. A fraction of the laser light is coupled out by coupler (b), into the
channels on the right. Coupler (a) is designed to couple 100% of the laser light to minimize
cavity losses.

6.3 Laser parametrization

6.3.1 Waveguide dimensions and cavity length

The Nd-doped AlyO3 channel waveguide dimensions used for the designed lasers is 1.2 pym for
the channel width and 0.3 pm for the channel height. These values have been chosen because
those were the dimensions of the channels of the measured couplers. In Chapter 4| we have
seen that these channel dimensions support only the fundamental mode at signal wavelength,
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1064 nm, which is desirable for laser operation.

The cavity length for the Nd-doped Al,O3 waveguide lasers has been determined using
the pump absorption length. Since the passive mirrors used in the designs depicted in Figures
and also reflect pump light, the roundtrip cavity length can be chosen to match the
absorption length. The absorption length for different concentrations have been determined
and are given in Table for two values of the absorption cross-section o,. The highest 1/e?
absorption length is 2.53 cm for the lowest Nd concentration and the lowest 1/e? absorption
length is 0.68 cm for the highest Nd concentration. Based on this, a roundtrip cavity length
of 1.5 cm was selected for the laser with the shortest cavity and a roundtrip cavity length
of 2.5 ¢m was selected for the laser with the longest cavity. Selecting a much longer cavity
length will only add additional background loss as no signal light at 1064 nm is reabsorbed
by the four-level Nd3*-system.

Table 6.1: 1/e and 1/e? absorption lengths for two values of the ab-
sorption cross-section o, and the concentrations for which gain was
measured in Chapter

Nd concentration | absorption length for absorption length for
0a = 0.7-107%cm? 0a =1.0-107%cm?
(x10%) fem~¥] | [em] (1/e) [em] (1/e) | [em] (1/€) [em] (1/e?)
1.13 1.26 2.53 0.89 1.77
1.38 1.04 2.07 0.72 1.45
1.68 0.85 1.70 0.60 1.19
2.27 0.63 1.26 0.44 0.88
2.95 0.48 0.97 0.34 0.68

6.3.2 Mirror reflectivities

A maximum internal net gain of 1.6 dB/cm has been assumed, which yields a roundtrip gain
of 2.4 dB/cm for a 1.5 cm roundtrip cavity length. A value of 1 dB has been assumed for
the loss of the passive mirror plus additional coupler losses of 0.2 dB. The maximum loss of
the mirrors was thus estimated to be 1 dB. If one mirror is set to 100% coupling, the other
mirror is allowed a loss of 1 dB, or a reflectivity of 80%.

Nd-doped AlyO3 waveguide lasers have been designed with mirror reflectivities of 99%
down to 88%. Sagnac mirrors with these reflectivities were designed with single directional
couplers and Mach-Zehnder directional couplers, as discussed in Chapter The Sagnac
mirrors with the Mach-Zehnder couplers were designed according to the design rules given
in Chapter [4] to yield mirrors that are insensitive to a wide range of fabrication errors. The
Sagnac mirrors with the single directional couplers have designed reflectivities of 99% down
to 94%.

A coupling length of L.y = 253 pum has been assumed for the couplers, based on measured
results in Chapter [4l For the Sagnac mirrors with the single directional coupler, the physical
length of the couplers was chosen to obtain mirror reflectivities of 99, 98 and 94%, shown in
Figure[6.4h. If, due to fabrication errors, the coupling length L. changes, the resulting mirror
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Figure 6.4: Plots of the designed mirror reflectivities for a Sagnac mirror with a single directional
coupler (a), and a Sagnac mirror with a Mach-Zehnder, balanced coupler, (b).

reflectivities change according to the curves in Figure [6.4h.

The reflectivities of the Sagnac mirrors with the balanced couplers have been set at 98, 95,
92 and 88%. Their response to deviations from the measured L.y has been shown in Figure
[6.4pb. Since the performance of a balanced Sagnac mirror also depends on the phase-shift,
variations of 5% in the phase-shift have been included in the mask design.

6.3.3 Signal-out couplers

In Figure coupler (a) is designed to couple out all signal light from the upper waveguide
channel into the lower channel. This coupler is not critical to laser operation, as it is not part
of the cavity. However, it is desirable for this coupler to have a coupling coefficient x = 1,
or 100% coupling, since any laser light that is not extracted from the upper channel is lost.
The coupler indicated by (a) in Figure was hence set to 100%, but no variations for this
coupler have been included on the mask.

Coupler (a) in Figure however, is critical to laser operation. Therefore, variations in
the physical coupler length for coupler (a) have been included on the mask. In Figure
the coupling coefficients of three couplers are plotted. These couplers have been designed in
such a way that their coupling coefficients overlap at 96%, to obtain a coupling coefficient
> 96% across a +30% variation in coupling length L.. In this way, a laser with a roundtrip
loss of less than 0.35 dB due to coupler (b) in Figure will be realized on the chip.

A similar approach has been used to parametrize coupler (a) of the loop cavity in Figure
0.9
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Figure 6.5: Coupling coefficients as a function of coupling length L.. These couplers are designed to
couple a maximum amount of laser light between the passive mirror and the Sagnac mirror in Figure
A set of three couplers have been designed in such a way that for a £30% deviation of coupling
length L. due to fabrication errors, one of the three couplers exceeds a coupling coefficient of 96%.

6.4 Conclusions

Three integrated Nd-doped waveguide lasers have been designed. Two of these consist of a pas-
sive mirror and a Sagnac mirror, which is used to couple out laser light. One of these Sagnac-
type waveguide lasers is pumped through the Sagnac mirror, whereas the other Sagnac-type
waveguide laser is being pumped through the passive mirror. The latter Sagnac-type waveg-
uide laser requires a coupler within the cavity to couple laser light between the passive and
Sagnac mirror. The third integrated Nd-doped waveguide laser uses a loop cavity.

Based on a maximum internal net gain of 1.6 dB/cm, mirror reflectivities of 9% down to
88% have been used as reflectivities for the Sagnac mirrors.
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Conclusions

In this thesis, gain in Nd-doped AlsO3z waveguide channels has been demonstrated. For a
Nd concentration of 1.68 - 10?0 cm™3, 4.0 dB of internal net gain has been measured in 1-
cm-long waveguide channels, and this gain is competitive with other Nd-doped materials.
The observed gain is sufficient for integrated AlyO3:Nd®+ channel waveguide amplifiers and
channel waveguide lasers.

An integrated channel waveguide laser was modeled by rate equations and numerically
analyzed. In this simulation, different mirror reflectivities were used. A mirror reflectivity
of 88% results in a threshold pump power of 1.8 mW and a slopy efficiency of 15.2%, for
waveguides and Nd concentrations comparable to the ones measured in this thesis.

In order to design an on-chip channel waveguide laser, channel waveguides and couplers
have been analyzed by simulations and compared to experimental results. Waveguide channels
studied in this thesis only support the fundamental mode at 1064 nm, which is the laser
wavelength. Coupler structures have been simulated and measured. Measured results deviate
from simulated coupler behavior, due to a difference in channel geometry introduced during
fabrication. This was verified by SEM imaging. In order to minimize sensitivity to fabrication
errors, a cascaded directional coupler was studied by simulation and the results show a high
insensitivity to fabrication errors.

In order to fabricate an on-chip integrated waveguide laser, passive and active mirrors have
been discussed. The active mirror is a Sagnac mirror, which is based on interference. Sagnac
mirrors based on single directional couplers and Mach-Zehnder couplers have been discussed.
The results from simulations show that the Sagnac mirror based on a Mach-Zehnder coupler
structure is most insensitive to fabrication errors.

Different integrated Nd-doped Al,O3 channel waveguide lasers have been discussed and
have been realized on a mask design. Two of these integrated waveguide lasers employ Sagnac
mirrors, while another type consists of a loop cavity.
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Figure A.1: Diagram of the wafer areas at which the chips are placed. The two L-shaped regions
consist of two rows of chips. The arc represents the top half of a wafer.

A.1 General information

Each of the designed chips is numbered by a binary code, consisting of 7 rectangles, in which a
big rectangle represents a binary '1’ and a small rectangle represents a binary ’0’. Whenever
'wafer area’ is mentioned in the tables in this appendix, this refers to the wafer sections
indicated in Figure [A71] All chips, except the chips with the test-structures for the loop-
mirrors, contain two straight waveguides for reference purposes. Furthermore, directional
coupler structures that have been used in laser designs have been repeated on that same chip
for characterization purposes. Waveguide dimensions and minimum bend radii are presented
in Table while the next sections present specific information about the various laser chip
designs. Whenever a phase-shift Af is mentioned in this appendix, a phase-shift relative to
the optimized phase-shift 26 is meant, as given by Equations [£.7] and [£.§] in Chapter

Table A.1: General chip properties

parameter unit value
desired AlyOg3 layer thickness [um] 0.3
minimum channel separation  [um] 100
minimum bend radius [m] 375
waveguide width [pm] 1.2
chip length [mm)] 8.5
chip height [mm] 1.9-34
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A.2. Loop mirrors

Figure A.2: Layout of a chip with loop mirrors.

A.2 Loop mirrors

Figure shows the layout of a chip containing loop mirrors. One chip contains two of these
mirrors. Variation data is presented in Table

Table A.2: Variation data for chips with loop mir-
Tors.

chip nr. wafer area coupler 1 coupler 2

K K
1 1 50% 65%
1 2 35% 50%
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Figure A.3: Ringlasers with two signal-out waveguides (purple) to measure difference in clockwise
and anti-clockwise traveling laser modes. Pump incoupling (red) on the left. Both the loop-coupler
(green) and the signal-out coupler (blue) were repeated on the chip to be able to measure their coupling
behavior.

A.3 Ringlaser

Figure shows the layout of a ringlaser. Each ringlaser has a roundtrip cavity length of 1.5
cm. Pump light is supplied through the upper left channel (red) in Figure while laser
light can outcoupled from the channels on the right (purple). Both the directional coupler
in the loop (green) and the outcoupling directional coupler (blue) have been repeated on the
chip to allow characterization of the couplers. Information on the variations of the designed
chips has been supplied in Table This chip was designed to measure differences between
clockwise and anti-clockwise traveling modes

Table A.3: Overview of ringlaser variations.

chip nr. wafer area loopcoupler outcoupling mirror

K R
1 3 98% 94%
2 3 96% 94%
3 3 98% 92%
4 3 96% 92%
5 3 98% 90%
6 3 96% 90%
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A.4. Long Sagnac laser 1
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Figure A.4: Diagram of a long-cavity laser with Mach-Zehnder directional couplers in the Sagnac
mirror. These lasers are pumped through the loop-mirror.

A.4 Long Sagnac laser I

Figure [A4] shows the layout of a chip which contains two laser structures with a Sagnac
mirror. The Sagnac mirrors contain a Mach-Zehnder directional coupler structure. In these
laser designs, only the loop mirrors are pumped and pump light is supplied in the channel
indicated by the red color. The roundtrip cavity length is 2.4 ¢m, while only 1.5 cm can be
pumped, since pump light will not couple into the Sagnac structure. Both laser structures on
this chip are identical, except for the phase-shifts introduced in the Mach-Zehnder directional
coupler for the Sagnac mirrors. Af; and Afy are the Mach-Zehnder phase-shifts for lasers 1
and 2, respectively. Information on the variations has been given in Table
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Table A.4: Overview of variations in the long cavity

Sagnac lasers with Mach-Zehnder directional couplers.

chip nr. wafer area cavity coupler sagnac mirror

K R A6 Abs
10 1 88% 98% —5% +5%
11 1 100% 8% —5% +5%
12 1 80% 98% —5% +5%
13 1 88% 9%5% —5% +5%
14 1 100% 9%5% —5% +5%
15 1 80% 9%5% —5% +5%
16 1 88% 92% 5% +5%
17 1 100% 922% —5% +5%
18 1 80% 922% —-5% +5%
19 1 88% 8% —5% +5%
20 1 100% 8% —5% +5%




A.5. Long Sagnac laser I1

Figure A.5: Diagram of a long-cavity laser with a Mach-Zehnder directional coupler in the Sagnac
mirror. These lasers are pumped through the Sagnac mirror.

A.5 Long Sagnac laser II

The layout of a long-cavity laser structure employing a Sagnac mirror with a Mach-Zehnder
coupler is shown in Figure This laser structure has a roundtrip cavity length of 2.35 cm,
which can be entirely pumped provided enough pump light is supplied. Information on the
variations is given in Table [A5]

Table A.5: Overview of variations in the long cavity
Sagnac lasers with a Mach-Zehnder directional coupler.

chip nr. wafer area signal-out coupler sagnac mirror

K R A6
5 2 100% 98% —5%
6 2 100% 98% 0%
7 2 100% 98%  +5%
8 2 100% 9%5%  —5%
9 2 100% 95% 0%
10 2 100% 9%5%  +5%
11 2 100% 922%  —5%
12 2 100% 92% 0%
13 2 100% 2%  +5%
14 2 100% 8%  —5%
15 2 100% 88% 0%
16 2 100% 88%  +5%
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Appendix A. Integrated laser designs

Figure A.6: Layout of the short-cavity Sagnac lasers. The Sagnac mirror contains a single directional
coupler. A second Sagnac mirror with the same reflectivity is placed opposite of the laser on the chip.

A.6 Short Sagnac laser I

Figure shows the layout of a short Sagnac laser which is built with only one directional
coupler. The Sagnac mirror is repeated on the same chip for characterization purposes. The
roundtrip cavity length of the laser is 1.5 cm. The laser will need to be pumped into the
upper left channel (red), directly into the Sagnac mirror. Information about the variations

on the mask are given in Table

Table A.6: Overview of variations of the short-cavity
lasers with a single directional coupler Sagnac mirror.

chip nr. wafer area signal-out coupler sagnac mirror
K R
2 2 100% 100%
7 3 100% 99%
3 2 100% 98%
4 2 100% 94%
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A.7. Short Sagnac laser I1
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Figure A.7: Diagram of a short-cavity Sagnac laser. The Sagnac mirror consists of a Mach-Zehnder
directional coupler. A second Sagnac mirror with the same properties as the one used in the laser has
been placed on the right of the chip.

A.7 Short Sagnac laser 11

Figure [A.7] shows the layout of a short Sagnac laser with a Sagnac mirror that is made with
a Mach-Zehnder directional coupler. The Sagnac mirror is repeated on the same chip for
characterization purposes. The roundtrip cavity length of the laser is 1.65 cm. The laser
will need to be pumped into the upper left channel (red), directly into the Sagnac mirror.
Information about the variations on the mask are given in Table [A.7]

Table A.7: Overview of variations of the short-cavity
lasers with a Mach-Zehnder directional coupler Sagnac
mirror.

chip nr. wafer area signal-out coupler sagnac mirror

K R Al
2 1 100% 98%  —5%
3 1 100% 98%  +5%
4 1 100% 9%5%  —5%
5 1 100% 9%5%  +5%
6 1 100% 922%  —5%
7 1 100% 2%  +5%
8 1 100% 8%  —5%
9 1 100% 8%  +5%
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Appendix B

Laser simulation parameters

Table below shows the parameters that were used to simulate a Nd-doped Al,O3 channel
waveguide laser in Chapter

Table B.1: The set of parameters that were used to simulate a Nd-doped channel
waveguide laser in Chapter

parameter unit value
pump beam radius pm 0.5
laser beam radius pm 0.5
l mm 12.5
leav mm 12.5
1 ns 20
72,3,5,6,7,8 ns 50
T K 288
B3 - 0.378
a2 - 0.075
Ba1 - 0.339
B0 - 0.209
W, em?s™! 1.7 x 10716
« (1064 nm) dBem! 0.9
a (800 nm) dBem™! 0.9
Oa cm?  1.0x107%0
e em? 1.9 x107%0
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