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ABSTRACT.

The main objectives of this research project related to the observation of
ultrafast, all-optical switching within AlGaAs structures operated in the
half-band gap spectral region. The switching configurations investigated
were based on nonlinear periodic structures and included nonlinear
waveguide arrays and Bragg gratings.

Theoretical simulations of the switching characteristics of various
nonlinear coupled arrays were carried out using both a fourth order
Runge-Kutta algorithm and a split step Fast Fourier Transform code. The
effects of linear absorption, dispersion and multi-photon absorption on
the efficiency of the switch were taken into consideration. All-optical
switching was demonstrated for the first time in uniformly and non-
uniformly spaced three, four and eight core couplers. The experimental
transmission characteristics compared well to the theoretical simulations.

First and second order grating filters were fabricated using both a two
step holographic process and a single-step electron beam writing process.
Gratings with a 70% reflection efficiency and stopband width of 0.9 nm
were fabricated. The linear losses of the filters were measured using a
Fabry-Perot technique. The electron beam defined gratings were found to
have no significant scattering losses associated with them. In contrast the
holographically fabricated gratings were found to increase the losses of
the waveguides considerably. Finally the nonlinear response of the
grating filters were investigated.
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CHAPTER 1

Introduction.

1.1. Introduction.

In this thesis the switching characteristics of several different all-optical
switching devices were investigated. This introductory chapter will outline
the aims and objectives of the thesis and will present an introduction to
nonlinear optics and all-optical switching.

The chapter begins with a brief outline of the advances made within the
field of telecommunications systems over the past few decades and
explains the need for all-optical switches within future optical computing
and communication networks. In section 1.2 the objectives of the thesis are
outlined and in section 1.3 the basics of nonlinear optics are reviewed. The
phenomena that arise due to the nonlinear properties of a material
including the optical Kerr effect are dealt with in section 1.4. In section
1.5 the desirable characteristics of a nonlinear switching device are
outlined. Finally in section 1.6 a summary of each chapter of the thesis is
given.



1.1.1. The Evolution of Communications Systems.

Telecommunication systems have come a long way since the production of
the first optical fibres in the mid-sixties. The increasing demands made by
the market place, in combination with new technological advances, have
produced a communications revolution. The internet (including electronic
mail), video-phones, faxes, long-haul fibre telecommunication networks,
satellite systems for TV and scientific applications are some of the recent
advances in communications. These new applications have been brought
about by improved low loss optical fibres networks, efficient laser diodes,
optical fibre amplifiers, advances in integrated circuit technology ( VLSI
and ULSI) and the use of nonlinear optical devices. However, the
communication revolution is by no means over and further research is
needed to refine, exploit and improve the technology and systems in use
today.

In the future, demands placed on optical communication and computing
systems will increase so much so that new improved networks will be
needed. Vital to the development of these new networks is the production
of ultrafast switching components for information processing.

Switches enable a signal, or signals, to control another signal and are used
in the networks to perform such functions as memory, logic and signal
routing operations. Current optical fibre systems operating in the low loss
telecommunications windows at 1.3 um and 1.55 pm have a huge potential
bandwidth of approximately 40 Terahertz (4 x 1013 Hz)!in a single
optical fibre. The bandwidth of a system ultimately determines the density
of information flow in that network. Consequently fibre
telecommunication systems have a massive potential information carrying
capacity. At the moment the switching in these networks is achieved using
electronic gates, such as bipolar transistors and field effect transistors. The
switching speeds of these electronic gates, which are limited by stray
capacitance to tens of picoseconds, severely restrict the bandwidth of the
fibre systems.



}

1.1.2. All-Optical Switching.

To make better use of the information capacity of optical networks, by
expanding the usable bandwidth of these systems, it is envisaged that, in
the future, information processing will be conducted using all-optical
switches/logic gates based on nonlinear optical effects. All-optical switches
have great potential for future communications and computing
applications for several reasons. One major advantage over electronic
gates is that the speed of an all-optical switch depends solely on the speed
of the nonlinearity which for a nonresonant nonlinearity can be effectively
instantaneous. In addition, all-optical switches are not affected by
magnetic, or electric disturbances as is the case for electrical components.
Furthermore, processing all-optically has the added advantage that
bottlenecks caused by the conversion between optics and electronics are
eliminated. Therefore, by processing all-optically not only would both
time and energy be saved but the information carrying capacity of optical
fibre networks would increase.

1.2. Objectives of Research.

It was the aim of this thesis to develop all-optical switching elements
which could be potentially used for future information processing
applications. To achieve this goal the nonlinear properties of periodic
microstructures formed in AlGaAs and operated below half the band gap,
were examined. In particular, the research involved the design, modelling,
fabrication and experimental demonstration of two different all-optical
switching elements. The first optical device examined involved the
coupling of light between cores of several different nonlinear multi-guide
coupler arrays. The second all-optical switch that was investigated
considered the coupling of light between the forward and backward
propagating field modes of a nonlinear grating filter.




1.3. Nonlinear Optics.

Nonlinear optics is the term used to described the changes in the optical
properties of a material caused by the interaction of intense light with the
material. To observe nonlinear effects a high intensity optical field,
ie.~ 2.5 kW/cm2is required. Therefore research into nonlinear optic
behaviour did not begin until the demonstration of the first operational,
pulsed ruby, laser by Mainman in 1960. Before that the available light
sources were not intense enough to produce nonlinear effects. The first
nonlinear effect to be observed was the discovery of second harmonic
generation by Franken et al2. Since then, a wide variety of optically
nonlinear phenomenon have been explored in many different material
systems including semiconductors, glasses and in nonlinear organic
materials in various macroscopic forms i.e., crystals, liquid crystals,
polymers and films. In the following section some of these nonlinear
effects are described.

1.4. Nonlinear Effects.

The nonlinear response of matter to an incident light field may be
written3:

P, = 80(2_ % E; + Zk‘,xijk(z)EjEk + %Xijk,G)EjEkE] +.. .)(1.1)
J J J

In equation (1.1), x® is an (n+1) th rank tensor which relates the input
fields, (polarisation, amplitude and intensity), E, to the induced
polarisation P. Here (D is the linear susceptibility, the real part of which
is related to the linear refractive index and the imaginary part is related to
a linear absorption term. The coefficients (@ and % ® are the second and
third order susceptibilities respectively. In equation 1.1 above the
frequency dependency of the polarisation has been neglected.



Second Order Nonlinearities.

Assuming the third and subsequent higher order susceptibilities are zero,

equation 1.1 can be written as:
A =£o[l%iD +IXGkQEGE] (12
J Jk

Where y(2)is the second order nonlinear susceptibility which gives rise to
nonlinear effects such as second harmonic generation, sum and difference
frequency mixing and optical parametric oscillation. Second order
nonlinear effects can only occur in crystals that are noncentrosymmetric,
i.e. do not display inversion symmetry, such as GaAs and Lithium niobate.
Figure 1.1 is a schematic of the second harmonic effect. The radiation
from the YAG laser produces intense laser light at 1.06 pm. Supposing the

time dependent part of the incident light field can be expressed as:

E(t)=(EQ'id+E’ei)/2 3

. X=1.06pm
output light fundamental
from crystal

component

light into crystal from a

YAG laser nNnwuwnniu

A iia n j um ;y2crystal . o
X=1.06pm M'nglﬂ;inlll l

(I.R spectral range) ?1=0.532pm

(green) SHG
component

Figure 1.1. Schematic of second harmonic generation.



When the laser light interacts with the nonlinear crystal the induced
polarisation can be written as:4

P (0 {[xffk) 0,,-, )E,E;, +12 (-0,,0,)E.E, [5(@-0)
+3 (@0, 0, )E E S(0-20,) (1.4)

+12(-0,,-0,)E.E.80+20,)}

ijk 0j ok

The delta functions ensure that the output polarisations oscillate at
summations of the frequencies. In equation 1.4, assuming a
monochromatic input field of frequency o, the first term on the left hand
side of the equation, describes optical rectification, i.e the production of a
second order polarisation at a frequency of 0 and the remaining terms on
the left hand side of the equation describe the production of a polarisation
at £ 2wy, 1.e. second harmonic generation. Second harmonic generation
can be used in the production of coherent optical sources at different
wavelengths. A major drawback to producing optical devices based on the
second order effect is that the output wavelength differs from the input
wavelength and phase matching is required. Therefore, cascading of light
between second order devices is difficult.



1.4.2. Third Order Nonlinearities.

In centro-symmetric nonlinear optical materials the induced polarisation
can be expressed as:

P =¢g)[X Xij(l)Ej +%Xijkl(3)EjEkEl] (1.5)
j j

The third order nonlinear susceptibility, %) is a 4th rank tensor, which
produces effects such as the optical Kerr effect, optical bistability,
saturable absorption, frequency tripling, four-wave mixing, stimulated
Raman scattering, self-focusing, self-phase modulation, cross-phase
modulation and the production of solitons. Some of these nonlinear
effects, which are relevant to this research, are discussed below.

1.4.2.1. The Optical Kerr Effect.

The real part of the third order nonlinearity is related to an intensity
dependent refractive index. This relation can be derived as follows:

Substituting equation 1.8 into the following equation for the electric
displacement D of a medium:

D=¢ E+P 1.6

gives the following expression for the dielectric displacement due to the
induced polarisation of the nonlinear material:

D=¢ EQA+%"+¢x“E*) amn
In terms of the linear relationship:
D=¢cicE=n,"¢,E (58

where ng is the linear refractive index.The third order susceptibility
therefore gives rise to an amplitude dielectric constant given by:




e=¢ +Y? E’=¢,+(n*-DE* 9

where €1 is the linear dielectric constant. Consequently an intensity
dependent refractive index, ny can be defined by:

n=n,+n,I (.10

where ng is the linear refractive index, I is the intensity of the incident
field and n, is the nonlinear refractive index. In the nonresonant case,
where the changes in the optical properties of the material are caused
soley by the optical field, this expression is commonly know as the optical
Kerr effect. np is related to the third order susceptibility by the following
equation:3

=
n,(SD= —X — q
’ 2cnle,

X3 and n; characterise what can be regarded as an instantaneous nonlinear
response to the applied field. The time constant is the dielectric relaxation
time which is typically of the order of h/ AE , where AE is the difference
in energy between the photon and the nearest allowed transition state. It
should be noted that lifetimes of thermally and optically generated carriers
also contribute to the time constant. It is the optical Kerr effect which is
used in this research to achieve all-optical switching.

The imaginary part of the third order nonlinearity gives rise to a
nonlinear absorption term o which is defined as follows:

a=o,+o,l .12

where o is the linear absorption, o, is the nonlinear absorption
coefficient and again I is the local light intensity.



1.4.2.2. Self Phase Modulation.

Self phase modulation (SPM) is the term used to describe the power
dependent spectral broadening of an optical pulse propagating in a
nonlinear material. Self-phase modulation arises due to a combination of
the time varying amplitude of the optical pulse and nonlinear , intensity
dependent, index profile of the material. The nonlinear refractive index of
a material can be calculated by observing the self phase modulation
induced spectral broadening of a pulse.

The frequency spectrum of a pulse after SPM is given by the Fourier
transform of the pulse amplitudes.

F((o)——j” P(t)"? e e @™t (1.13)

where P(t) is the pump power and A¢ is the nonlinear phase change
related to n2 by the following equation:

Ap = %Ln I (1.14)

Where L is the effective interaction length, I is the intensity of the light
pulse and A is the wavelength of the light in vacuum. It can be seen from
equation 1.17, that the nonlinear refraction coefficient can be estimated by
measuring the phase modulation experienced by a high peak powered
pulse after propagation through the nonlinear medium.

Figure 1.2 displays the calculated frequency spectra of a Gaussian pulse
after propagating through a nonlinear medium as a function of light
intensity . Each spectra is labelled with the maximum phase shift at the
peak of the pulse. It has been shown that when the pulse is non Gaussian it
will broaden slightly differently to that of the Gaussian pulse but the
number of peaks in the output pulse spectrum is still dependent on the
phase shift rather than the pulse shape itself. Also any asymmetry in the
input pulse will result in an asymmetric spectrally broadened output pulse.



3.5
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Figure 1.2. The calculated spectra for a Gaussian pulse as a function of light

intensity. Each spectra is labelled with the maximum phase shift at the peak
of the pulse.

The 1/e full width of the broadened spectrum Af, is related to the pulse
width and the maximum phase shift by the following equation®.

At (fwl/e)=1.72A¢,, / TAf (.15)

where A7p is the pulse width and AQmax is the maximum phase shift which

corresponds to the number of interference peaks on the output pulse
spectrum.
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1.4.2.3. Self-Focusing.

Let us consider the propagation of a high intensity light pulse through a
third order nonlinear material with a positive ny. In the case of a Gaussian
shaped pulse the intensity of light falls gradually away from being a
maximum at the centre to a minimum at the edges. Hence, the local
refractive index of the material will be greater at the centre of the light
beam than at the edges. Therefore, the nonlinear medium acts as a positive
lens and a light pulse will tend to focus as it propagates through the
nonlinear material. Damage to the nonlinear medium can occur providing
the intensity of the light pulse is high enough and if the nonlinear medium
is long enough for the light to reach a focal point within the material.

1.4.2.4. Solitons.

Soliton is the term used to describe an intensity distribution, in time or
space, which remains constant as it propagates. In the following section the
main types of optical soliton, relevant to this thesis, will be described.

1.4.2.4.1. Spatial Solitons.

Spatial Solitons are self guiding or self-trapped beams that propagate
without changing their spatial shape. Spatial solitons are stable when
diffraction is limited to one spatial dimension and have been observed in
CS; liquid waveguides’?, AlGaAs semiconductor waveguides8 and in ion
exchange glass waveguides9.

The propagation of a spatial soliton can be described using the nonlinear
Schrédinger equation of the form:

8E_[ i O°E

—=|= ik,n,[EfE| a.

aZ 2k aXZ }-I—[ 0 ZIEI E ( 16)

where E is the electric field strength, z is the propagation distance, ky and
k are the wave numbers in free space and in the material respectively. The
first term on the right hand side of the equation describes the diffraction
of the light in the x-direction and the second term is related to the self-
focusing effects of the nonlinear material when the nonlinear refractive

11



coefficient is positive and describes a self-defocusing effect when the
nonlinear material has a negative nonlinear refractive index coefficient.

In a positive nonlinear material spatial solitons are formed when the
effects of diffraction are balance by self-focusing which tends to
concentrate the energy of the light beam. The fundamental soliton can be
described by the following equation:10

X 1Z
E(x,z)= A, sech| — |exp ~ | .17
a, ka;
where ag is a measure of beam width:
1 |n
Aj=—_|— (@18
ka, \n,
The total soliton power in the beam is given by?:
n,2w
P=—"-— @19
n,ak

where w is the transverse mode size .For effficient two dimensional
propagation w<<a, since under these conditions the self-focusing effects
are limited to one spatial direction. Higher order solutions exist at
intensity levels of N2Py, where N is an integer.

1.4.2.4.2. Temporal Solitons.

Temporal solitons are self-guiding beams of light which do not disperse
temporally as they propagate. Temporal solitons occur in optical fibres as
a result of the balancing effect between the anomalous group velocity
dispersion, where the group velocity increases with increasing frequency,
present in the fibre and nonlinear phase modulation. They too can be
described in the same way as a spatial soliton by the nonlinear Schrodinger

12



equation. The mathematical treatment of these solitons can be found in
many text books/papers (see Ref. 3 and 11).

1.4.2.4.3. Bragg Solitons.

Bragg solitons are temporal-like solitons which occur at the upper band
edge of the stop-band of a grating where the anomoulous group velocity
dispersion is high and the grating is still transmissive. The soliton is
produced by the counter balancing effect between the large anomalous
dispersion associated with the periodic variation in the refractive index
and the self phase modulation produced by the nonlinear medium. Bragg
grating solitons have been succesfully demonstrated in optical fibres by
Eggletonl! et al. In that experiment, the Bragg solitons produced were
seen to travel at a slower speed than that of light in the medium without a
grating. The typical interaction lengths for soliton formation in the fibre
grating were substantially shorter than that required for soliton formation
in a uniform fibre due to the large dispersion close to the stop-band.

1.4.2.4.4. Gap solitons.

Gap solitons were first theoretically predicted by Chen and Mills13. They
showed that light with a frequency within the stop band of a grating
structure for certain values of intensity can be perfectly transmitting. The
shape of the envelope of this transmitted wave is a hyperbolic sech
function hence it is commonly known as a soliton. The soliton effectively
burns itself slowly through the stop gap by locally changing the refractive
index of the material, through the nonlinearity of the material. Numerical
simulations indicate that zero velocity gap solitons may be generated in a
grating of finite length by illuminating both ends of the grating with two
counter-propagating equally intense light beams14. Theoretical analysis
using coupled mode theory has shown that gap solitons may also
propagate inside the grating with a group velocity controlled by selecting
the waveguide parameters, which can in principle lie between c¢/n and 0,
where n is the average effective index of the guide.

In chapter 5 the transmission of light through a nonlinear grating

structure is studied and the application of gap and Bragg soliton devices is
discussed further.
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1.5. Desirable Attributes of a Nonlinear Optical Switch.

The desirable attributes for an efficient nonlinear switch include a high
switching speed and low switching power requirements together in a
compact form. The switching speed of a nonlinear switch is in general
dependent on the origin of the nonlinearity. Nonresonant nonlinear
processes are a great deal faster than those of resonantly enhanced
processes, which are produced as a result of material excitation caused by
light absorption, and are therefore more suited to ultrafast switching
applications. The power requirements of a nonlinear switch depend on the
magnitude of the nonlinear coefficient, the device structure and the value
of the linear and nonlinear optical losses of the material. The subject of
multi-photon absorption together with a discussion of the nonlinear
properties of AlGaAs, which make it the ideal material to observe all-
optical switching, are discussed in detail in chapter 2.

1.6. Layout of Thesis.

In this chapter, the potential of all-optical switches within future
computing and telecommunication systems and the objective of the thesis
were outlined. An introduction to nonlinear optics was given and the
properties of nonlinear materials were discussed.

In chapter 2 the opto-electronic properties of AlGaAs are described,
including a review of its crystal structure, band structure, and its
nonlinear properties.

Chapter 3 describes the design, fabrication and linear and nonlinear
characterisation of semiconductor optical waveguides. The chapter begins
with a look at the basic modes of a slab waveguide before going on to
describe the various waveguide structures and the methods used to
calculate the light fields propagating within the guides. The fabrication of
the waveguides using a combination of photolithography and reactive ion
etching and the Fabry-Perot technique used to measure the linear loss of
the guides are also described. In addition the experimental set up used to
observe nonlinear effects within the guides is described and measurements
of the nonlinear refraction coefficient and two photon absorption
coefficient are presented.
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Chapter 4 describes the design, fabrication and experimental
characterisation of several different nonlinear coupled waveguide arrays.
The chapter begins with a brief outline of the past and future applications
of nonlinear couplers followed by linear and nonlinear coupler theory.
The modelling of the switching characteristics of uniformly spaced and
non-uniformly spaced couplers is described using two different numerical
techniques before the fabrication process used to produce the couplers is
described. Finally, the experimentally obtained switching characteristics of
the couplers investigated are presented and compared to the theoretically
simulated switching results.

Chapter 5 describes the design, fabrication and characterisation of an all-
optical switch based on the nonlinear properties of a grating waveguide
filter. The chapter begins with a summary of the past, present and future
applications of both linear and nonlinear grating structures followed by
some basic linear and nonlinear grating theory. The nonlinear grating
filter design and simulations of the switching characteristics of the grating
structure using a Runge-Kutta algorithm are also given. The fabrication of
the grating filter using both a holographic technique and a E-beam writing
method are described and the linear characterisation of the grating filter is
presented. Finally, a preliminary nonlinear result observed in a grating
filter is discussed.

Chapter 6 summarises the conclusions formed in this research and

discusses further work which could be carried out both in the field of
nonlinear coupled arrays and in nonlinear gratings filters.
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Chapter 2

The Nonlinear Optical Properties of
AlGaAs.

Introduction.

AlGaAs has become a popular material for the construction of nonlinear
devices for several reasons. First of all, the value of n; in AlGaAs is
approximately three orders of magnitude greater than that of silica. This
means that AlGaAs devices are typically a few centimetres in length and
are therefore more compact than comparable fibre devices, which can be
tens of meters long. In addition, they can potentially be used for
monolithic integration with other opto-electronic/electronic components.
High purity, low defect materials can be manufactured, which can be
selectively doped with great accuracy. The mature fabrication
technology allows a range of relatively complex devices to be
constructed. Another advantage of using AlGaAs is that the index of
refraction and bandgap of the compound semiconductor can be easily
changed by varying the Al content to suit the operational characteristics
of the particular device. Thus AlGaAs provides an ideal test system for
investigating nonlinear optical effects.

In this chapter the nonlinear optical properties of AlGaAs are considered.
To begin with the crystal structure and methods used to produce AlGaAs
are explained in section 2.1. The band structure of AlGaAs and other zinc-
blende semiconductors are described in section 2.2. In section 2.3 the
different types of nonlinearities in semiconductor materials are discussed
and in particular the advantages of operating in the half band gap spectral
region are outlined. In section 2.4 the theoretical methods used to
determine the dispersion and scaling of the nonlinear coefficient of
AlGaAs are described. Multi-photon absorption in semiconductors is
considered in section 2.5. Finally in section 2.6 the conclusions drawn
from this chapter are summarised.
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2.1.1. The Crystal Structure of AlGaAs.

The crystal structure of GaAs is shown in fig. 2.1. GaAs has a "zinc
blende" structure consisting of 2 inter-penetrating, face-centred cubic
lattices, one composed of Ga atoms and the other of As atoms. The cubic
unit cell contains 4 atoms each of gallium and arsenic. Each atom is
tetrahedraly surrounded by four atoms of the opposite species. The length
of each side, the lattice constant, a, is 0.565 nm at 300 K. The crystal does
not have a centre of symmetry and can therefore be used to produced
second order as well as third order nonlinear effects. The semiconductor
AlGaAs is produced by replacing some of the Ga atoms with Al atoms in
the crystal structure. The lattice constants of GaAs and AlGaAs differ by
less than 0.15%. Therefore it is possible to grow layers of Al,Gaj.xAs,
where x denotes the percentages of aluminium in the layer, on top of one
another without introducing significant stress.

Figure 2.1. The crystal structure of GaAs.

By altering the fraction x in the compound Al,Gaj_xAs, the refractive
index of the material can vary from 2.92 for pure AlAs up to 3.43 for
GaAs at a wavelength of 1.5 um. The band gap of the alloy varies from
1.42 eV (870 nm) for GaAs up to 2.17 eV (570 nm) for AlAsl.
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2.1.2. Fabrication of AlGaAs.

Molecular-beam epitaxy and vapour-phase epitaxy are two of the common
methods which are used in the production of high quality epitaxial
semiconductors?. Epitaxial growth involves the crystalline growth of thin
layers of the semiconductor material on a crystalline substrate base. The
thickness, doping and composition of the layers are all well controlled in
these processes. In this study, the AlGaAs wafers had been fabricated
using molecular beam epitaxy (MBE). In this section the basics of the
MBE technique are described.

Figure 2.23 is a greatly simplified schematic diagram of the MBE
machine. The substrate, in this case GaAs, is placed on a heated rotating
holder, at 600°C, which is rotated through the growth process to ensure
that crystal growth is uniform over the substrate surface. The elements
Ga, As and Al are contained within furnaces called Knudsen cells (K-cells)
which have openings in the direction of the substrate and have shutters
placed in front of these openings so that the escape of molecules from each
of the cells can be controlled. The growth process is conducted in a
chamber which is evacuated to a very low pressure of ~ 5x10 -11 mbar. At
this low pressure molecules emerging from the cells form beams which
travel in straight lines and do not interact with each other. When these
beams reach the substrate surface they cause crystal growth. The position
of the shutters and the temperature of the K-cells determine the
composition of the crystal growth.
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Figure 2.2. Simplified schematic of the MBE process. (Ref. 10).
2.2. Band structure of III-V Compound Semiconductors.

Figure 2.3 shows the four band Kane model4 which is commonly used to
describe the band structure of III-V compound semiconductors. The
model consists of one doubly-degenerate conduction band and three
doubly-degenerate valence bands (light hole, heavy hole, split off). GaAs
has eight outer electrons and of these eight, two electrons fill S-like states,
referred to as the light hole band, where each electron has a total angular
momentum of 1/2 .The other six electrons fill the P-like states and have a
total angular momentum of 3/2 and are referred to as the heavy hole band.
Fundamental optical absorption occurs between the heavy/light hole
valence bands and the first electron level in the conduction band. At
higher photon energies transitions involving the lower split off valence
band, which is seperated from the light and heavy hole bands by 0.34 eV
due to spin-orbit splitting, take place.

GaAs is a direct band gap semiconductor where the position of the
minimum energy of the conduction band occurs at the same value of k, the
wave vector of the electron, as the maximum of the energy of the valence
band. An electron moving from the top of the valence band to the bottom
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of the conduction band changes its energy but not its momentum. This
leads to a sharp band-edge. In contrast, for indirect band gap materials
such as silicon and germanium the transition of an electron from the
valence to the conduction band involves a change in both the energy and
momentum. The additional momentum is provided by a lattice vibrational

phonon.

conduction
band

electrons

laser light

VWWVV

valence
band

Figure 2.3. Band structure of III-V compound semiconductors

as given by the Kane model.
2.3. Types of Nonlinearities in Direct Gap Semiconductors.
The magnitude and origin of M2 in compound semiconductors depends on
the wavelength of the incident light beam in relation to the position of the

band-gap of the semiconductor. In general the optical nonlinearities fall

into two categories, i.e. they are either resonant or nonresonant.
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2.3.1. Resonant Nonlinearities.

The resonant nonlinearities occur at optical wavelengths close to the
linear bandgap absorption edge. There are several different mechanisms
which are responsible for the nonlinear response including band
filling$, excitonic effectsS, plasma’ and opto-thermal effectss.

In general these processes involve the absorption of light, resulting in
the establishment of real excited populations which through the
Kramers-Kronig relation, as discussed in section 2.4, leads to a change
in the refractive index of the material. Such effects produce large
optical nonlinearities. However, the response times of these effects,
which are governed by the relaxation time of the electrons from the
excited states, are slow ( about a few nanoseconds ). The speed can be
improved by applying an electric field to remove the carriers. However,
the absorption of light results in a low throughput (10%) and
undesirable thermal effects. Devices based on resonantly enhanced
nonlinearities are also very wavelength sensitive and can suffer from
saturation effects. On the whole this type of nonlinearity is not suitable
for ultrafast switching applications.

2.3.2. Non-Resonant Nonlinearities.

Nonresonant nonlinearities occur at photon energies far from the band-
gap absorption edge where the change in the optical properties of the
material is caused directly by the optical field. In AlGaAs operated below
half the band gap the nonlinear refractive index is approximately
1.5x10-13 cm2/w. Nonresonant processes are almost instantaneous and
wavelength insensitive and are therefore, suited for ultrafast switching
applications. However, they do require larger intensities than the resonant
nonlinearities but in contrast to resonant nonlinearities the performance of
a nonresonant device is not limited by linear absorption effects.
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2.4. Measurement of the Nonlinear Coefficient.
2.4.1. Kramers-Kronig Relation.

The Kramers-Kronig (K-K) formalism is a common dispersion relation
equation in linear optics which relates the refractive index, n, of a
material to the absorption coefficient, o, over all frequencies, € and
can be expressed by?:

c =0 (€2)dQ
0)-1=—|——— 2.1
n( ) To Q> -’ @D

The K-K formalism can be modified to calculate a change in refractive
index, An, from a change in absorption, Ax, due to some external
perturbation, §. For example in a resonant nonlinear process the
material excitation can be regarded as the perturbation. The change in
refractive index is derived by applying the relation (2.1) to a system,
before and after the perturbation and then taking the difference between
the two cases. The change in refractive index can be expressed as:?

c* Aoc((n E_,)

u)' > o 22

An(®;8) =

This expression has been used in the past to calculate the dispersion of the
nonlinear refraction coefficient, ny since the index change induced by the
local intensity, I, is related to np by the following equation:

An=n_,I (2.3)

The scaling and dispersion of n; in a semiconductor crystal over the entire
spectral range for photon energies below the fundamental absorption edge
has been carried out using the K-K formalism. The calculations showed
that in the half-band gap spectral region there is an enhancement in the
size of ny, and that the magnitude of n, depends on Eg.In that analysis a
two-parabolic band model was used and two-photon absorption and the ac
stark shift were assumed to be the dominant nonlinear absorption
processes10.
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2.4.2. Higher Band Models.

Studies have shown that the magnitude of n; depends on the polarisation of
the light and also on the orientation of the crystal. In order to study the
effects of the polarisation on the nonlinear refraction coefficient as well as
its anisotropy, the K-K method for calculating the dispersion of n, has
recently been superseded by methods based on calculating n; directly from
the real part of the nonlinear susceptibility using higher band structure
models.

The 4 band Kane model, shown in fig. 2.3 has been used to obtain the
dispersion of the nonlinear refractive index of direct-gap semiconductors.
The standard expression for n; obtained using perturbation theory is given
by 10;

3
n,(®0)=——Reyx, (—0,0,0,) 24
4e,cn,

It was found using this model that ¥ can be expressed as:

JE,
X < "o [hW/ELAE) @9

8

where f (ha)/ E , A/ E ) is a dimensionless spectral function and A is the
g 4

energy difference between the upper valence band and the split off energy
band as illustrated in fig. 2.2. Ep is the Kane momentum energy given by:

_2m P’

p h2

=20eV ©6)

where P is the Kane momentum parameter and m is electron mass.

A seven band modelll,12 has also been used to study the effects of
dichroism on the value of n; in zinc-blende semiconductor compounds and
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in additon the effects of the crystallographic orientation on the magnitude
of n, have been studied using this higher band model. Dichroism produces
different values of n; for linear and circular polarised light. It was seen
from this analysis that:

n,(TE)>n,(TM)

Figure 2.4 shows the recent experimentally measured dispersion of the
nonlinear refraction coefficient for Aly13Gag g2As for TE and T™M
polarisation, obtained by measuring the self-phase modulation of a light
pulse propagating through the materialll. The samples used in this
experiment consisted of 5 um wide strip loaded AlGaAs waveguides
etched 1.35-1.45 um deep into the top cladding layer of an AlGaAs wafer
with the following structure: The guiding region was composed of a
1.5um thick Alg18Gag g2As layer.The upper cladding was a 1.5um thick
Alp24Gag 76As layer and the lower cladding was a 4um thick
A10.24Ga0,76As layer .

2‘2 | | | |
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~~ 18_ -
E
= 1.6- -
(&)
S 1.4- -
£ g2 =
1._ |
08 | | | |
1480 1520 1560 1600 1640

wavelength (nm)

Figure 2.4. The measured dispersion of n; for TE (solid dots) and TM (solid
triangles) light.
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2.5. Multi-Photon Absorption in AlGaAs Guides.

In this study switching configurations composed of AlGaAs waveguides
are investigated. The loss experienced by a light field propagating through
the AlGaAs guide can be expressed as13:

4@ _ o, —a,l..... 27)

dz

where I is the light intensity, o, is the linear absorption coefficient and o
and o3 are the two-photon and three-photon absorption coefficients
respectively. At low light intensities linear loss is the dominant loss
mechanism. The linear loss is dependent on the energy of the photons,
scattering and thermal effects. If L is the length of the guide then the
intensity of the light propagated through guide is related to the incident
light intensity, Iy into the guide by the following equation:

I=Ie™ (@8

When the energy of a light photon Eph given by:
E,=0 @9

is larger than the bang-gap energy, Eg of the semiconductor, a direct
inter-band transition can occur. This means that a single photon is
absorbed and results in the transition of an electron from the valence band
to the conduction band. At photon energies well below the band-gap
energies i.e. at half-the band gap direct inter-band transitions are not
possible and so the linear loss is mainly due to scattering losses and
thermal effects. Linear loss in AlGaAs operating in the half-band gap
spectral region is discussed further in chapter 3.

As the light intensity increases the effect of two- and three-photon

absorption increase and can drastically affect the performance of a
nonlinear switching device.
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2.5.1. Two-Photon Absorption.

When the energy of the photon is below the band-gap energy in the range
expressed by:

lE <hw<E
2 g g

then the transition of an electron from the valence band to the conduction
band requires the absorption of two-photons. Two-photon absorption is
related to the imaginary part of the third order nonlinear susceptibility as
discussed in section 1.4 and is dependent on the intensity of the light as
expressed in (1.15).

The dispersion of the two-photon absorption coefficient for AlGaAs
operating below the fundamental band gap has been analysed using the
Kane band model. It was found that the two-photon absorption coefficient
can be expressed as:s

E
o —K\/Tf

2 213
nEg .

(2.10)

where Ep is the Kane momentum energy and K is a material independent
constant given by:

9 4
K=27t  ~3100 cmGW eV 2.11)

5 4/m,c?

where e,m, and c are the charge,free electron mass and the speed of light
respectivley.

The function f(hw/Eg) 1s related to the band structure of the

semiconductor. For semiconductors with parabolic energy bands

f(hw/Eg) 1s given by:
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To observe efficient switching within a nonlinear device, such as a
nonlinear directional coupler in the presence of two photon absorption,
the following condition must be metl4:

o,a,lL <05 @13

where I¢ is the critical switching intensity, ap represents the overlap
integral over the mode profiles in the waveguide for the third order
nonlinearity and L. is the half beat coupling length.

Figure 2.5 shows the recent experimental measurement of the dispersion
of the two-photon absorption coefficient for both TE and TM polarised
light1l. The AlGaAs waveguides used in this experiment were the same as
those described in section 2.4.2.
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Figure 2.5. The experimentally measured values of o as a function of
wavelength for TE (solid circles) and TM (open circles) light for
5um wide strip loaded AlGaAs waveguides.

The two photon absorption coefficient exhibits optical polarisation
dependence due to the fact that the third order susceptibility tensor
contains off-diagonal elements.

2.5.2. Three Photon Absorption.

Three photon absorption (3PA) is a fifth order absorption process
involving the simultaneous absorption of three photons. Three photon
absorption occurs when the energy of the photons are below the half-band
gap spectral region. The value of the three photon absorption coefficient,
a3, for AlGaAs operating below the band-gap has been defined as15:
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The criterion for nonlinear switching in the presence of three photon
absorption requires that 14:

Co,a,L <1 215

where a3 is the overlap integral over the mode profiles in the waveguides
for the fifth-order nonlinearity.

Figure 2.6 shows the theoretically calculated dispersion of the three
photon absorption coefficient for different concentrations of Alll.

0.35 llllllll LI | l LI I LR B | I LI LI I LI

e
w
I

0.25

o
(8]
|

0.15

e
p—
|

3PA coefficient (cm*/GW?)

0.05

0 N W I N O TS N N TN T N TN TG U N WO AN A Y NN W
1 1.2 1.4 1.6 1.8 2 2.2 2.4

wavelength (Lm)

Figure 2.6. The calculated dispersion of a3 for different concentrations of Al
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This graph shows that the three photon absorption coefficient is at a
maximum at a wavelength of ~ 2.1 um. However, in the half band gap
region the 3PA coefficient is still large enough to affect the switching
efficiency of an all-optical switch. Figure 2.7 shows the recent
experimentally measured dispersion of o3 calculated using the AlGaAs
waveguides as described in section 2.4.2. These experimental results agree
well with the theoretically predicted dispersion of 0.
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Figure 2.7 Experimental values of 03 as a function of wavelength.

2.6. Conclusions of Chapter.

In this chapter the nonlinear properties of AlGaAs were outlined. In
particular the crystal and band structure of AlGaAs were discussed. In
addition, the techniques used to estimate the dispersion of the nonlinear
refraction coefficient and nonlinear absorption coefficients of AlGaAs
were described. AlGaAs was found to have various attributes which make
it an i1deal material for the observation of nonlinear switching effects
including the fact that when operating below half-the band gap spectral
region there is an enhancement in the nonlinear coefficient and the effects
of two-photon absorption are minimised.
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CHAPTER 3

Semiconductor Waveguide Design,
Fabrication and Characterisation.

Introduction.

Semiconductor waveguides are attractive elements for the implementation
of a range of all-optical switching devices since high optical power
densities can be maintained over long interaction lengths. To date
ultrafast switching has successfully been demonstrated in nonlinear
directional couplersl, Mach-Zender interferometers2 and X-junction
devices3. In this chapter the design, fabrication and characterisation of
semiconductor waveguides for ultrafast switching effects will be
discussed.

The chapter begins with an outline of the main properties of
semiconductor waveguides. In section 3.2 basic waveguide theory is
reviewed and in particular the equations which describe the propagation
of electromagnetic waves within a slab waveguide are summarised.
Section 3.3 describes the different waveguide configurations and the
parameters used in the design of the guides. This includes a discussion of
the sources of linear loss. The fabrication process used to produce
waveguides 1s covered in section 3.4 and the methods used for linear
characterisation are outlined in section 3.5. In section 3.6 the
experimental set up used to observe nonlinear effects within the guides is
described and measurements of the nonlinear characteristics of the
waveguides are presented. Finally, in section 3.7 the conclusion drawn
from the chapter are summarised.
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3.1. Properties of Semiconductor Optical Waveguides.

Semiconductor waveguides are ideal elements for the construction of
nonlinear, all-optical devices. The main attributes of such waveguides will
be outlined below.

3.1.1.1. Optimum Geometry.

Nonresonant nonlinearities are small compared to their resonant
counterparts, i.e. n3 for AlGaAs operating in the half band gap region is
approximately 1x10-13 W/cmz2. Therefore, to observe ultrafast all-optical
switching effects the nonlinear phase shift required must be accumulated
over a large propagation distance. Optical waveguides provide the
optimum interaction geometry, since they allow high optical intensities to
be maintained over long propagation lengths. The waveguides enable
diffractionless propagation in one, or two, transverse directions. By
contrast in a non-waveguide geometry, diffraction limits the length over
which the high optical intensity can be maintained. In addition, the index
of refraction of compound semiconductors such as AlGaAs can be easily
altered, as discussed in chapter 2. The waveguides can then be constructed
from an AlGaAs wafer composed of different layers of AlGaAs grown
one on top of another.

3.1.2.1 Compactness and Potential for Monolithic
Integration.

Future communication and computing networks require compact
integrated optical devices for coupling, modulating and switching
applications. Semiconductor waveguide devices are typically a few
centimetres in length and are therefore, much more compact than
equivalent fibre devices which can be tens of meters long. Semiconductor
waveguides can also be integrated with other opto-electronic/ electronic
components. For example, a GalnAsP/InP directional coupler switch has
been successfully monolithically integrated with a tunable MQW-DBR
laser4.
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3.1.1.3. Mature Fabrication Technology.

Semiconductors have a mature, advanced fabrication technology which
allows a wide range of complex integrated devices to be fabricated.
Another advantage of semiconductor waveguides is that the scribe and
cleave technique used for end facet preparation in these guides is simple
as opposed to the cut and polish method used in other nonlinear materials
such as LiNbOj and glass. The resulting waveguides can also have very
low propagation losses.

3.2. Basic Optical Waveguide Theory.
3.2.1. Snell's Law and Total Internal Reflection.

The propagation of light in a dielectric waveguide can be described in
terms of geometric optics. This approach allows the major waveguide
properties to be defined. However, it should be noted that this approach is
approximate and a full description requires the application of Maxwell's
equations with the appropriate boundary conditions. When a light ray
strikes the boundary between two transparent media at an angle 0, a
fraction of the light will be reflected while the rest of the light is
transmitted through the interface at an angle known as the refracted
angle. Figure 3.1 shows an incident light ray i, incident on an interface
between two media and the resulting reflected, r, and transmitted
fraction, t, of the ray. The relationship between the incident and
transmitted ray is given by the law of refraction commonly known as
Snell's laws, as stated belows:

n,sin@, =n,sin®, 3.1

where 0j and Ot are the angles the light makes with the normal to the
interface in the mediums with refractive index n1 and ny respectively.
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Figure 3.1. Shows the incident, reflected and transmitted rays at an interface

boundary between two different media with refractive indices ni and n2.

When light travels from a medium of index ni, to a lower index region
n2 there is a specific angle of incidence, 0C for which the refracted ray

will propagate parallel to this surface. This is called the critical angle. If
the incident angle is greater than 0C the light is totally reflected by the

interface.

From Snell's law Oc is given by;

An important feature of the total internal reflection process is that when a
light ray is reflected by an interface the ray will penetrate slightly into
the low index medium producing an evanescent field. In addition there is

a phase shift upon reflection.
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3.2.2 Propagation of Light in a Dielectric Slab
Waveguide.

In this section ray optics will be used to describe the propagation of an
EM wave in a slab waveguide. The slab waveguide consists of a
transparent dielectric material of high refractive index sandwiched
between two layers of dielectric material with lower refractive index.
Figure 3.2 illustrates the path of a ray as it propagates through such a
dielectric slab. Propagation of light in a slab dielectric medium is similar

to that of light travelling through an optical fibre.

nl

n3
Figure 3.2. illustrates the path of a ray of light travelling within the guiding
region of a dielectric slab .

The conditions which must be satisfied to achieve guiding within a

dielectric slab can be summarised as follows :

1. The refractive index of the guiding medium must be greater than
those of the adjacent layers, i .e . n2>ni, n".

2 . The angle Om must be greater than the critical angle Oc-

3. For a guided wave the transverse field must form a standing wave.
If not then it will be a travelling wave and the field will dissipate
power. This means that the total phase change experienced by a

light ray in one round trip across the waveguide must be an
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integral number of 27. This rule can be expressed by the
following equation:

i—dZn -20=2mn  (3.3)

X

where ¢ is the polarisation sensitive, phase change experienced by the ray
when reflected from the index boundaries and Ax is the wavelength of the

transverse Ex field.

Mode cut off occurs at low incident frequencies, when the angle of
incidence is low enough to inhibit total internal reflection, causing the
light to escape from the guiding region into the surrounding medium.

It can be shown that the mode angle 6m , of each mode propagating in the
guide is given by:

cosO_= (mm+9)h, (3.4)
21dn,

where A is the wavelength of the light in vacuum.
3.2.3. Maxwell's Equations.

Since light is an electromagnetic field, the wave characteristics of modes
propagating within the simple slab guide can also be determined using
Maxwell's equations. These equations are mathematical formulae which
describe the propagation of electromagnetic fields in materials, were the
wavelength is much bigger than the atomic, or molecular dimensions. In
this section the basics mode equations are discussed. For complete
derivation of the mode solutions for the slab guide see ref. 6.

Assuming the waveguide medium is nonconductive, has no charges and is

isotropic the equations which described the electric and magnetic fields
within the slab guide are as follows:

VeeE=0 @35a
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VeuH=0 @.5b)

oH
VXE =—-pup, = (3.5¢)

VxH =¢g, aa_]tz (3.5d)

where E and H are the electric and magnetic field strengths, foand | are
the permeability of free space and of the material respectively, while €
and € are the permittivity of free space and the permittivity of the
material respectively. By taking the curl of equation 3.5c the following
equation is obtained.

VxVxE =V(V.E)- V’E = —py1, @ (3.6)

Substituting equation 3.5d into equation 3.6 gives:

’E _ (2)2 0’E
° ot? ot?

V’E =pp ec 3.7)

Assuming the wave is monochromatic, travelling in the z direction and is
confined only in the x direction, the electric field E and magnetic field H
can be expressed by the following :

E =E(x,y)e ™

H=H(x,y)e ™ oY

Combining equation (3.8) and (3.7) gives:

V’E(x,y)+K:n’E(x,y) (3.9
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where ko=27/Ag.

In a one dimensional slab waveguide where &/6y=0, two types of solution
exist for the equation 3.9 depending on the polarisation of the light. The
first is known as the transverse electric, or (TE) modes, these are
composed of Ey, Hx, Hz components only. The second is known as the
transverse magnetic fields or (TM) which are composed of the Hy, Ex
and Ez components. Using equation 3.9 the TE fields propagating within
the three separate regions of the slab guide can be described by the
following equation.

J0’E
75§1+(kﬁﬁ>—ﬁﬁﬂg==0 (3.10)

where i=1, 2, 3. Similarly the TM modes are described by:

, 0| 1 dH,

n
' ox| n] ox

+(n’k;-B°)H, =0 @11

y

The TE and TM guided mode solutions can be obtained by solving
equations 3.10 and 3.11 with suitable the boundary conditions. At the
interface for TE modes, Ey and 8Ey/6x must be continuous. Likewise for
TM modes, Hy and 6Hy/3x must be continuous. It should be noted that as
x tends to plus or minus infinity then Ey or Hy will tend to zero.

Figure 3.3 illustrates the different type of fields which propagate within
the 3 regions which make up the slab guide. As shown in figure 3.3 the
guided waves of the slab obey the following condition kon3 <8 < kon and
correspond to a field which varies in a sinusoidal manner within the
guiding layer and exponentially decays in the lower index regions.
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Figure 3.3. Illustrates the field characteristics in each layer of the slab guide

for various values of propagation constant.
3.3 Optical Waveguide Design.

In the waveguide design process, the important factors which must be
taken into account include, the operating wavelength, geometry of the

waveguide structure, losses within the structure and wafer composition.

In this research single mode AlGaAs waveguides operating below the
half-band gap and within the low loss communications window at 1.55
pm were fabricated. In this spectral region the detrimental effects due to

two photon and three photon absorption can be minimised .
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3.3.1. Waveguide Geometries.

In section 3.2 we looked at the simple slab guide were the light is
confined in one transverse dimension. In practical waveguide structures
light must be confined is two dimensions. Vertical confinement is usually
achieved by refractive index differences between the layers which make
up the wafer. In the lateral direction, optical confinement can be
introduced in several ways including carrier indiffusion and superlattice
disordering. However, the most frequently used method is by etching a
rib into the material layers. The confinement is then due to effective
index differences between the etched and unetched regions. Figure 3.4
below illustrates four types of rib waveguide structures that are

commonly used.

a] strip guide b] embedded strip guide

c] ridge waveguide d] strip loaded guide

Figure 3.4. Illustration of the various method of lateral confinement by

using various types of rib waveguide geometries used.

In this research strip loaded guides were fabricated. This structure was
chosen as both coupled waveguides, grating structures on ridge guides
and curved waveguides can be fabricated. The guiding characteristics of
the guide can be controlled by varying the height, or width, of the rib
structure. In general deeply etched ridges produce strongly confined
modes suitable for the production of curved structures. Shallower ribs
form weaker guides which are suitable in coupled waveguide and grating

systems.
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3.3.2. Sources of Linear Loss within Semiconductor
Waveguides.

Low loss waveguides are essential for optical guided wave applications.
Therefore, potential sources of loss within optical waveguides and the
ways in which these loss mechanisms can be reduced are important
factors which need to be considered when designing waveguides.

Linear propagation losses within AlGaAs waveguides operating below
half the band gap are caused by a combination of absorption, scattering
and leakage”. In this section we look at each source of loss in turn and
discuss the methods employed in this research to reduce these loss
mechanisms.

3.3.2.1. Scattering losses are caused by epilayer and rib sidewall
roughness and also scattering from imperfections. In this research the
AlGaAs wafer used to fabricate the waveguides was grown by MBE,
which results in high quality layers with minimum scattering. Losses due
to sidewall roughness have been shown to depend on the rib width and
also on (Aneff)2, where Aneff is the effective index differences between
the etched and unetched regions of the waveguide. The smaller the rib
width and deeper the rib is etched, the greater the scattering loss in the
optical waveguides. With this in mind the width of the guides in this
research were chosen to be 4 pm wide. In addition, the guides were
fabricated using an up to date photolithographic and dry etch process
which has been shown to produce guides with excellent surface/sidewall
definition8.

3.3.2.2. Leakage of light from the guiding region into the substrate
layer occurs when the substrate material has a similar, or higher
refractive index to the guiding layer. This loss decreases exponentially
with the cladding thickness. Therefore, loss due to leakage can be reduced
by growing a thick lower cladding layer.

3.3.2.3. Absorption is also a major source of loss in AlGaAs guides.
Operating at a wavelength below half band gap avoids linear absorption.
However, defect and impurity absorption can also occur in AlGaAs
waveguides. Defect absorption can occur through lattice mis-matching. In
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this research the wafers used to fabricate the guides were composed of
various AlGaAs layers which were almost lattice matched and were
fabricated as mentioned earlier using a well controlled MBE process
which minimised the introduction of impurities and defects into the
AlGaAs material grown.

3.3.3. Wafer Composition.

The composition of the AlGaAs wafer grown was as follows. The
substrate used was GaAs which has a high refractive index of 3.43 at
1.5 um. To ensure light confinement in the guiding layer and to prevent
leakage of the light into the substrate layer, a lower AlGaAs cladding
layer, 4 um thick and containing 24% Al, with a refractive index of
3.305 at 1.5 wm, was grown on top of the substrate before the growth of
the waveguide layer. The AlGaAs guiding layer was 1.5 um thick,
contained 18% Al and had a index of refraction of 3.336 at 1.5 pum.
Finally the upper AlGaAs cladding was 1 um thick with 24% Al. The
refractive index of the AlGaAs layers were calculated using the Adachi
method.?

3.3.4 Estimation of the Propagation Constant.

To calculate the propagation constant of an optical waveguide many
numerical techniques have been used including the beam propagation
method (BPM), the effective index method (EIM) and finite element,
finite difference and variational techniques. These techniques provide an
estimation of the effective index, or propagation constant, of the mode
and the mode field profile. They can therefore, be used to determine how
many modes propagate in a particular waveguide structure and how well
the modes are confined. The two methods used in this research are
outlined in the following section.
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3.3.4.1. The Effective Index Method (EIM).

This is an approximate method whereby the effective indices of the
guided modes are estimated by considering the slab regions which make
up the guide structure. The EIM produces accurate results providing the
modes are far from the cut off1® and the height of the slab regions do not
differ greatly from one another.

Figure 3.5 below illustrates the steps used in the analysis of a rib
waveguide structure by the EIM. The process is conducted in two stages.
In the first stage the effective indices of the slab regions at each side of
the rib structure labelled 1 and the effective index of the slab region
under the rib, labelled 2 in fig.3.5(a) were calculated using
electromagnetic analysis10. The effective indexes calculated for each slab
region labelled nefr(1) and negr2) and shown in fig. 3.5(b) were then used to
form another slab guide the effective index of which gives an estimation
of the guided mode of the rib structure. In this research a program called
"slabsolve" based on the effective index method was used to roughly
estimate the modes propagating within the waveguide structures designed
using the wafer discussed in section 3.3.3.

(a) (b)

Figure 3.5. illustrations of the two stage EIM.
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3.3.4.2. The Scalar Finite Difference Method.

A more accurate and comprehensive analysis of the field within the ridge
guides was carried out using a program called "F-wave" based on a finite
difference technique!! and written by MichaelTaylor of this department
In this method the cross section of the waveguide is covered by a
rectangular mesh, the points on the grid representing the
electric/magnetic field component of the optical fields. The second order
derivatives of the wave equation, (equations 3.9 and 3.10), are replaced
by a finite difference approximation and the equation is rearranged to be
solved at each grid point. In this way the propagation constant and profile
of the modes of the structure can be calculated. Figure 3.6 shows the
TEQQ field profile obtained for a 4 pm wide guide etched 0.8 pwm into the
upper cladding layer of the AlGaAs wafer. The wavelength of the light
was chosen to be 1.55 um. The contour lines in the figure indicate the
field profile and show that the light is well confined both vertically and
laterally. This designed guide was shown to be single moded. Single mode
operation is desired to avoid inter-modal dispersion caused by the group
velocity difference between the different modes of a waveguide .

Y

Figure 3.6. Illustration of the fundamental TEgo mode of a 4 pm guide
modelled using a finite difference technique.
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3.4. Fabrication of the Optical Waveguides.

Waveguides were fabricated using a combination of standard
photolithography and reactive ion etching. The steps involved are
outlined below.

3.4.1. Photolithography.

This is a patterning process whereby the desired waveguide design is
transferred to the AlGaAs sample, via a light sensitive polymer mixture
called photoresist. The pattern can then be etched to form the waveguide
device.

The photolithographic process was carried out in a class 10000 clean
room using a class 100 cabinet to ensure that contamination of the sample
surface during the fabrication process was kept to a minimum. The steps
involved in this process are as follows:

Step 1: Sample Preparation.

The AlGaAs wafer was cut using a scribe and cleave technique into the
desired sample sizes.

The samples were initially precleaned before patterning. This is a very
important stage as dirt and grease particles present on the surface of the
samples can cause poor resist adhesion and coating non-uniformity and so
can drastically affect the quality of the pattern produced. The cleaning
procedure used involved the use of an ultrasonic bath to agitate the
sample for five minutes while it was immersed in the following sequence
of solvents.

1. Opticlear
2. Acetone

3. Methanol
4. R.O. Water
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Finally, the samples were blown dry using filtered N3 and placed on a hot
plate at ~45°C to remove any remaining moisture which can cause
adhesion problems at the resist coating stage.

Step 2: Resist Coating and Baking.

A Shipley positive photoresist resist, S1400-31 was used. When the
humidity level in the clean room was high (>50%) the extra moisture in
the air caused problems with the adhesion of the resist to the sample
surface. To combat this problem a primer which is a substance which
promotes resist adhesion was first applied to the surface of the AlGaAs
sample before the coating of resist. The resist was then dispensed through
a syringe filter, to remove contamination before application to the sample
and spun at a spin speed of 4000 rpm for 30 s to give a uniform resist
coating thickness of 1.8 um.

The samples were then softbaked at 90°C for 30 minutes to remove most
of the solvent in the resist coating and in doing so making the resist
photosensitive.

Step 3: UV Exposure.

Exposure of positive resist to UV light renders the resist more soluble to
developer solution than unexposed resist. UV light was used to transfer
the waveguide pattern via a standard chrome mask onto the AlGaAs
samples. The chrome mask, produced using E-beam writing, was
carefully positioned above and in contact with the coated AlGaAs sample
using a mask aligner. The sample was then exposed through the mask to
UV light for 12 seconds. °

Step 4: Development Stage.
The pattern was developed by immersing the sample in a 1:1 solution of
AZ developer and R.O water and gently agitating the sample in the

solution for about 75 s. Finally the sample was rinsed again in R.O water
and dried on a hot plate.
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3.4.2. Reactive Ion Etching.

The patterned sample was then etched using a reactive ion etching process

with SiClq. An interferometer was used in the dry etch process to

monitor the etch depth of the guides.
3.5 Waveguide Loss Measurements.

In this research the Fabry-Perot techniquell was used to estimate the
linear losses of the waveguides. This technique is based on the fact that
the two end facets of the waveguide can effectively act as a Fabry-Perot
resonator. The optical length of the resonator is temperature dependent
and therefore the guide refractive index/phase can be varied by either
heating or cooling the guide. As a result, periodic Fabry-Perot
transmission fringes can be obtained. The fringe contrast , as explained
further on in this section, can be used to calculate the linear waveguide
losses. This method is a reliable and accurate means of obtaining the on
chip losses of the waveguides as it is insensitive to coupling misalignment
inaccuracies and is highly reproducible. In addition this technique is non-
invasive. The experimental set up used to measure the linear losses of the

optical waveguides is shown in figure 3.7.

cotton bud dipped
in liquid nitrogen
T.V. monitor

endtire ng .
prism
Laser camera
waveguides fibre holder
JIVWJif m i
v _ o 3 optical fibre

spectrum analyser

Figure 3.7. Experimental set up used to measure the linear losses
of the AlGaAs guides.
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Light from a CW semiconductor laser diode operating at a maximum
output power of 2 mW at a peak wavelength of 1.556 pm was coupled
into the optical waveguides using an endfire rig. Figure 3.8 shows a
picture of the rig used. The endfire rig consisted of input and output
objective lenses mounted on X-Y-Z translational stages and a sample
platform in between the lenses also with X-Y-Z position and sample

rotation control.

input objective output objective

Figure 3.8. Picture of the endfire rig used to couple light in and out of the

waveguides.

The magnification strength of both microscopic objective lenses was
chosen to be X40 to ensure there was a high overlap between the incident
optical field and the waveguide mode. Slab guiding is usually located first
before the light can be steered into a single guide. On the TV monitor the
waveguide mode looked like a sharp, bright, elliptically shaped spot of
light. A beam splitting prism was attached to the camera to allow some of
the output power from the guide to be transferred via an optical fibre
into a spectrum analyser. The coupling of light into the waveguide was
maximised by varying the position of both of the objective lenses until a

peak signal was measured on the spectrum analyser.

A cotton bud dipped in liquid nitrogen was used to cool the waveguide.
This cooling of the sample alters the cavity length of the guide and hence,
fringes are produced in the power transmitted by the guide. Figure 3.9

shows a typical Fabry-Perot fringe pattern that was produced in these

50



experiments. This pattern was produced for 1 cm long, single moded,
4 um wide guide etched 0.8 um deep fabricated using the wafer discussed

in section 3.4.
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Figure 3.8. Fabry-Perot resonance fringes recorded using a spectrum
analyser.

The transmission, T, of the waveguide resonator is given by the equation

below, where ¢ is the phase of the guide, o is the linear propagation loss
and L is the length of the sample’.

T(®)=1-R*)e™ /[(1—1)* +4rsin’ ¢] (3.12)

where, R is the facet reflectivity which for the wafer used was
approximately 30% and r is defined by.

r=Re™ (3.13)

The finesse K of the resonator is calculated from the fringe pattern and is
related to r, by the following equation.
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K — (Tmax _Tmin)

=2r/(141%) 3.14)
(Tmax +Tmin) ( )

Hence it follows that the linear loss is related to the fringe contrast, the
length and the end facet reflectivity of the guides by the following
equation:

1
In[1-1-K*)?/K]=InR-0oL  @3.15)

Rearranging equation 3.15 gives the following expression for o:

1
1-(1-K?*)2
oc=——1—1n ( ) (3.16)
L RK

Using equation 3.16 the waveguide losses could be deduced. Throughout
this research the losses of the guides fabricated ranged from 0.74 dB/cm
up to 2.3 dB/cm.

3.6 Nonlinear Properties of AlGaAs Waveguides.

In this section the experimental set up used to observe the nonlinear
behaviour of the waveguide devices is described. In addition the
measurement of ny and 7 for the AlGaAs waveguides around the half-

band gap spectral region are presented.

3.6.1 Experimental Arrangement Used to Test the
Nonlinear Devices.

To produce nonlinear switching in the waveguide devices, very short, high
peak powered pulses were required at a wavelength of ~1.50-1.55 um.
These pulses were supplied using a mode-locked colour ,F-centre laser. In
the following section the characteristics of the colour centre laser and the
mode-locking techniques used in this research are briefly described.
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The F-centre lasers used consisted in general of either a NaCl crystal
doped with OH- or a KCl crystal doped with T1. The KCl crystal absorbs
light of wavelength 1.04 um and can therefore be optically pumped with
light from a Nd:YAG or Nd:YLF. The peak emission wavelength is 1.51
um and it has a tuning range of about 230 nm. The NaCl:OH- F-centre has
a peak absorption band centred at 1.09 um and an emission band centred
around 1.55 um with a tuning range of 250 nm. It too can be pumped
using a neodymium based solid state laser.

Figure 3.9 shows a schematic diagram of the KCI:T1 colour centre laser.
The laser cavity is formed between mirrors mj, mp, m3, m4 and the
output coupler my. The output wavelength of the light from the crystal
was tuned using a birefringent filter to ~1.51 um. The crystal contains
point defects (vacancies ) formed during crystal growth which provide the
electronic levels required for lasing. The energy levels are broad due to
vibrations in the lattice. The crystal is kept at a cryogenic temperature
(~77K) to maintain optimum efficiency and to minimise bleaching of the
centres.

1.06pum

KCI: Tl crystal

CW mode-locked Nd:YAG

birefringent M 1

filter \‘
/
MO <

Figure 3.9. Schematic diagram of the KCI:Tl colour centre laser.

1.51pm

M

3.6.1.1. Mode-Locking.

In general, a laser cavity can support many longitudinal modes. In general
the relative phases, frequencies and amplitudes of each mode are random
and so the output of the laser varies arbitrarily in time due to the random
interference between the various modes. By forcing the relative phases of
all modes to be the same, a periodic train of laser pulses is generated at the
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output. The pulses have a period of the cavity round trip time 2L /C,
where L is the cavity length. This technique is called mode-locking and
can be achieved either actively or passively. In this research both an active
and a passive method of mode-locking were used and these two different
methods are described below:

3.6.1.2. Active Mode Locking by Synchronous Pumping.

Active mode-locking involves modulating either the amplitude (loss or
gain ) or the phase of the light in the cavity. Synchronous pumping is a
mode locking method whereby a gain modulation technique is employed.
In this case the gain modulation was achieved by mode-locking the
pumping laser i.e. the Nd:YAG laser. For this type of mode-locking to
take place the cavity length of the F-centre laser has to be an integral
multiple of the cavity length of the pumping laser. The pulse shortening is
a result of the combined effects of gain saturation and gain modulation due
to the pump pulses. In an F-centre laser relatively short pulses, a few tens
of pico-seconds can be produced using this technique.

3.6.1.3. Passive Mode-Locking using a Coupled Cavity Mode
Locking Technique.

In passive mode-locking an external nonlinear element driven by the
mode-locked pulses is used to produce ultra-short pulsesi2.

In this research a coupled cavity, or additive-pulse, mode-locking scheme
was employed. Basically the coupled cavity scheme consists of two
cavities, one formed by the laser and the other is an external cavity that
includes an nonlinear element. Figure 3.10 below shows a schematic of
one of 3 widely used coupled cavity configurations known as the Fabry-
Perot cavity. In this research the nonlinear element used was a length of
nonlinear fibre. In this process the pulses produced by the F-centre are fed
into the fibre where the band-width of the pulse is broadened through self-
phase modulation. The amount of power in the nonlinear cavity is adjusted
until the phase across the returning pulse causes constructive interference
in the centre and destructive interference in the wings. The result is a
redistribution of the energy into a single short pulse. The external cavity
must be the same length as the laser cavity for this technique to work.
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Using this method femto-second pulses in the kilo-watt peak power range
can be formed.

laser output

gain medium
F-centre crystal

nonlinear
element

SRR

mirror mirror . or
beam splitter

Figure 3.10. Schematic diagram of Fabry-Perot type coupled cavity mode-
locked arrangement.

3.6.2: Measurement of the nonlinear refractive index
coefficient.

The nonlinear refractive index of a semiconductor material can be
estimated, as described in chapter 1, using self-phase modulation.

Figure 3.11 below shows the experimental set which was used to measure
the self phase modulation of a 1.6 cm long and 4 um wide AlGaAs
waveguide. The colour centre laser operated at a wavelength of 1.48 pm.
A coupled cavity mode-locked arrangement was used to produce 300 fs
pulses with a peak pulse power of 950 W. An end-fire rig was used to
couple the laser pulses into and out of the waveguides and a spectrum
analyser was used to record the spectrum of the input and transmitted
pulses of the guides as a function of input light intensity.
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Figure 3.11. Experimental set up used to measure SPM in the optical guides.

Figure 3.12 displays the recorded output spectra of the pulses transmitted
from the guides for various input light intensities and also shows for
comparison the theoretically predicted spectral changes and the
corresponding phase shifts estimated for a Gaussian shaped pulsel3. The
theoretically determined phase shifts compare well with the shifts

measured experimentally.
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Figure 3.12. Nonlinear phase shifts produced in a laser pulse due to SPM.

From these measurements the value of n, can be calculated using equation
1.17:
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AP = %anl (1.17)

In this experiment the length, L, of the guide was 1.6 cm and the effective
area of the guide was 12 x 10-8 cm2. A phase shift of 1.57 occurred in the
output pulse spectrum for an estimated peak power of ~ 50 Watts inside
the guide and a phase shift of 2.57 first occurred in the output pulse
spectrum for an estimated peak power of ~ 90 Watts within the
waveguide. Using these measurements of the phase change and the
corresponding peak power in the waveguides, the average value of n, was
estimated to be ~ (1.5 +/- 0.2) X 10-13 cm2/W. Referring to figure 2.4 this
value of ny compares well with a previously calculated value of the
nonlinear refraction coefficient, for similar AlGaAs waveguides, by
Aitchison et all4.

3.6.3. Nonlinear Loss Measurement.

Chapter 2, explored the subject of multi-photon absorption within
semiconductor materials. It was seen that the nonlinear loss associated
with a AlGaAs passive waveguide can be estimated by measuring the
transmission characteristics of a waveguide for various input powers.

Assuming that only two photon absorption is present then the attenuation
of light propagating through a waveguide is given by :

I
d——ocI—oczl (3.17)
dz

Using equation (3.17) the inverse transmission factor 1/T can be derived
and is given by:13

L _ Iy 1 o (1—e™)
T = = 7 —aL T o Linc
T Itrans (1 - R) Tle (1 - R)(Xe
(3.18)
_ 1 062(1 - e_(XL)

=7, (- Ryoe
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Where I, and Iy, are the intensity of the light incident and propagating
through the waveguide. R is the Fresnel reflectivity of the facets, 1 is the
coupling efficiency into the waveguide. L is the waveguide length and Ty
is the linear transmission factor. It can be seen from equation 3.18 that o
can be estimated from the slope, S, of the inverse transmission plotted as
a function of the incident light intensity.

Considering sech? pulses the peak light intensity in a waveguide I, is given
by:l3

I = ave (3.20)
P 1.134‘1:1)preff

where A is the effective area of the mode, P,y is the average power in
the guide, T, is the pulse duration and f;, is the repetition rate of the
pulses. Hence, using equation 3.19 and 3.20 and assuming a sech? pulse
profile, the two photon absorption coefficient can be found by calculating
the slope ,S;, of the plot of the inverse transmission function versus the
average incident power and is given by:13

1.134 A . (1-— R)oe L
= Tpf pAes Joe S (321

| P

o,

For this experiment a synchronously pumped mode-locked colour centre
was used. The laser produced 11.8 ps pulses at a rep rate of 81.93 MHz
and with a peak output power of approximately 420 Watts at a wavelength
of 1.54 um. The experimental set up was the same as that used to measure
the SPM of the waveguide as described in section 3.6.1. The input and
output powers from the guide were measured using a photodiode. Using
the 11.8 ps pulses and also CW light (with the same average power as the
pulsed light but with considerably less peak power), both the linear and
nonlinear transmission characteristics of a 1.6 cm long semiconductor
waveguide were obtained. The transmission characteristics of the guide are
shown in figure 3.9 below.
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Figure 3.13. The transmission characteristics of a nonlinear waveguide.

It is seen that at low peak powers the transmitted power varies linearly
with the input power. However, at high peak power i.e. using the pulsed
laser light source, the transmission characteristics of the guide become
nonlinear as absorption occurs at high peak powers, which results in
power loss. Figure 3.10 shows the graph of the inverse transmission as a
function of average power incident onto the guide. The gradient of the
slope, Sp, was measured to be 0.01. The slope cut the y axis at 4.6 which,
referring to equation 3.18, corresponds to a linear transmission
efficiency, Ty, of ~ 21%. This value compares well with the
experimentally measured throughput of the waveguide.
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Figure 3.10. Plot of inverse transmission (1/(Pan/Pin) as a function of
incident average input power.

Since the experimental data fall on a straight line, it can be concluded that
at this wavelength the major nonlinear loss mechanism was two photon
absorption. The presence of three photon absorption would result in a
curved feature. Using equation 3.21 and assuming the following
waveguide parameters: Aeff=12 x10-8 ¢cm2, 0=0.53 cm-!, L=1.6 cm,
R=0.3 the value for o, was estimated to be ~(0.2 +/- 0.05) cm/GW.
Referring to fig. 2.5, this calculated value compares very well to a
previous calculation of o, as deduced by Aitchison et all3 for similar
AlGaAs waveguides.
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3.7 Conclusion.

In this chapter the design, fabrication and characterisation of AlGaAs
optical waveguides for ultrafast switching were discussed. In
particular, the methods of determining the propagation constants and
field profiles of the modes propagating in the guides using an
effective index and a finite difference method were outlined. The
experimental set up used to examine the waveguides was described.
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